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Preface

Microwave energy has been extensively employed in daily life. The various
applications of microwave heating have significantly promoted social progress and
human development. It has been gaining substantial attention in materials processing
over the past three decades. A substantial amount of lab-scale research has identified the
characteristic of volumetric heating by microwave energy, which leads to a rapid
completion of materials processing. The potential advantages of microwave heating
have impelled scientists to continuously study this technique, and to design and
implement large heating systems for industrial use.

In the scale-up of microwave heating system, one of the most important issues is precise
and active control of heat transfer in the heating process for energy conservation and
heating uniformity. It can be addressed by studying the microwave heating mechanism,
which has rarely been investigated by most of researchers. This doctoral research was
aimed to advance the understanding of heating fundamentals of microwave assisted
steelmaking through the investigations on the following aspects: (1) characterization of
microwave decay using the derived equations, (2) quantification of magnetic loss, (3)
determination of microwave absorption properties of materials, (4) modeling of
microwave propagation, (5) simulation of heat transfer, and (6) improvement of
microwave absorption and heating uniformity.

xviii

This research led to some publications in refereed journals and conference proceedings,
which are primarily included in Chapters 3‒9 of the dissertation. The author keeps only
his contribution in those chapters. In particular, the author performed all of the
calculations and simulations for the work in this dissertation. Readers are referred to the
first page of each of those chapters for details.

This research was performed under the supervision of Dr. Jiann-Yang Hwang. Without
his encouragement, unfailing guidance, and financial support, it would not have been
completed. All his contributions here are highly appreciated.
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Symbol

Definition

Unit

Greek symbols
α

field attenuation factor

Np m-1

α

decomposition degree

None

α*

heat diffusivity

m-2 s-1

β

phase constant

rad m-1

β*

heating rate

K min-1

γ

propagation constant

m-1

δ

phase angle of reflection coefficient

rad

ε

permittivity

F m-1

ε′

real part of complex permittivity

F m-1

ε

emissivity

None

ε0

permittivity of free space

F m-1

εr

complex relative permittivity

None

εr′

real part of complex relative permittivity

None

εr,d′

displacement current contribution to the real part of

None

complex relative permittivity
εr″

imaginary part of complex relative permittivity

εr,d″

displacement current contribution to the imaginary part of None
xxii

None

complex relative permittivity

η

impedance

Ω

κ

thermal conductivity

W K-1 m-1

λ0

microwave wavelength in free space

m

μ

permeability

H m-1

μ′

real part of complex permeability

H m-1

μ0

permeability of free space

H m-1

μr

complex relative permeability

None

μr′

real part of complex relative permeability

None

μr״

imaginary part of complex relative permeability

None

ρ

density

kg m-3

σ

electric conductivity

S m-1

σ

Stefan-Boltzmann constant

W m−2 K−4

σ*

equivalent magnetic loss

Ω m-1

τ

phase angle of transmission coefficient

rad

χe

electric susceptibility

None

χm

magnetic susceptibility

None

ω

microwave angular frequency

rad s-1

Nomenclature
A

real calibration constant

None

A*

frequency factor

min-1

cp

specific heat capacity

J kg-1 °C-1
xxiii

d

absorber thickness

m

D

diameter

m

Df

field attenuation length

m

Dh

half-power depth

m

Dp

penetration depth

m

E

electric field strength

V m-1

E*

complex conjugate of electric field strength

V m-1

Ea

activation energy

kJ mol-1

𝐸�

normalized electric field strength

None

f

frequency

Hz

fe

specific cavity mode frequency in the permittivity Hz
measurement

fm

specific cavity mode frequency in the permeability Hz
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Abstract

Heat transfer is considered as one of the most critical issues for design and implement
of large-scale microwave heating systems, in which improvement of the microwave
absorption of materials and suppression of uneven temperature distribution are the two
main objectives. The present work focuses on the analysis of heat transfer in microwave
heating for achieving highly efficient microwave assisted steelmaking through the
investigations on the following aspects: (1) characterization of microwave dissipation
using the derived equations, (2) quantification of magnetic loss, (3) determination of
microwave absorption properties of materials, (4) modeling of microwave propagation,
(5) simulation of heat transfer, and (6) improvement of microwave absorption and
heating uniformity.

Microwave heating is attributed to the heat generation in materials, which depends on
the microwave dissipation. To theoretically characterize microwave heating, simplified
equations for determining the transverse electromagnetic mode (TEM) power
penetration depth, microwave field attenuation length, and half-power depth of
microwaves in materials having both magnetic and dielectric responses were derived. It
was followed by developing a simplified equation for quantifying magnetic loss in
materials under microwave irradiation to demonstrate the importance of magnetic loss
in microwave heating. The permittivity and permeability measurements of various
materials, namely, hematite, magnetite concentrate, wüstite, and coal were performed.
xxviii

Microwave loss calculations for these materials were carried out. It is suggested that
magnetic loss can play a major role in the heating of magnetic dielectrics.

Microwave propagation in various media was predicted using the finite-difference timedomain method. For lossy magnetic dielectrics, the dissipation of microwaves in the
medium is ascribed to the decay of both electric and magnetic fields. The heat transfer
process in microwave heating of magnetite, which is a typical magnetic dielectric, was
simulated by using an explicit finite-difference approach. It is demonstrated that the
heat generation due to microwave irradiation dominates the initial temperature rise in
the heating and the heat radiation heavily affects the temperature distribution, giving
rise to a hot spot in the predicted temperature profile. Microwave heating at 915 MHz
exhibits better heating homogeneity than that at 2450 MHz due to larger microwave
penetration depth. To minimize/avoid temperature nonuniformity during microwave
heating the optimization of object dimension should be considered.

The calculated reflection loss over the temperature range of heating is found to be
useful for obtaining a rapid optimization of absorber dimension, which increases
microwave absorption and achieves relatively uniform heating. To further improve the
heating effectiveness, a function for evaluating absorber impedance matching in
microwave heating was proposed. It is found that the maximum absorption is associated
with perfect impedance matching, which can be achieved by either selecting a
reasonable sample dimension or modifying the microwave parameters of the sample.
xxix

Chapter 1 Introduction

1.1 Microwave Processing of Materials

Microwaves are electromagnetic waves with wavelengths from 1 mm to 1 m and
corresponding frequencies between 300 MHz and 300 GHz.1 Two frequencies, 915 and
2450 MHz, are widely used for microwave heating which has gained popularity in the
processing of various materials including ceramics, metals and composites. Compared
with conventional heating methods, the advantages of microwave heating include time
and energy saving, rapid heating rates (> 400 °C min-1), selective heating, considerably
reduced processing time and temperature, unique microstructure and properties,
improved product yield, environmental friendliness, and so on.2-5

The distinguishing characteristics of microwave heating are attributed to the special
heating behavior of microwaves. It delivers heat instantly throughout the materials with
volumetric heat generation, resulting in a faster heating rate than conventional heating.6
Energy saving and less processing time are thus easy to achieve.

The microwave heating applications involve drying,7,8 organic material burnout,5,9
sintering of ceramics and ceramic composites,10-22 polymer processing,23-26 joining,27-32
melting,33-35 synthesis of nanomaterials,36-41 etc. It has been demonstrated that
microwave heating can significantly reduce the heating time and the energy cost.
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In contrary to the widely experimental applications, the detailed theoretical analysis of
the microwave heating process is still highly required.42 Because the heating relies on
the dielectric and/or magnetic properties of materials, which are in turn affected by the
microwave frequencies and temperature, it is more difficult to investigate the heat
transfer in microwave heating compared with that in conventional one. To achieve a full
understanding of the heating mechanism, the microwave propagation and dissipation
behaviors in various media, the dielectric and/or magnetic characterizations of different
materials, and the modeling and simulation of heat transfer in microwave heating
should be performed.

1.2 Microwave Assisted Ironmaking and Steelmaking

Microwave assisted ironmaking has been studied since the early 1990s.43-46 The relation
between microwave energy and carbothermic reduction of iron ores was explored by
several scientists. It has shown that the main metallurgical reactions in the ironmaking
process including the carbothermic reduction of magnetite concentrates and hematite
fines were satisfactorily and rapidly carried out with microwave energy.45,46 A complete
reduction could be achieved after about 15 min in a microwave oven operating at 2450
MHz and 1400 W.46 The microwave reduction process at up to 1000 °C was probably
superior to conventional reduction under otherwise identical conditions. However, the
microwave heating mechanism in the ironmaking process was not illustrated in detail in
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these studies because the microwave absorption properties of iron oxides were not
available at this moment.

From the beginning of this century, along with the development of techniques for the
measurement of microwave absorption properties, research associated with microwave
ironmaking and steelmaking became more active. Studies on pig iron production using
magnetite ore–coal composite or Fe3O4 with carbon black and other reducing agents
have been reported.47-52 Meanwhile, the microwave absorption properties (e.g.,
permittivity and permeability) of some materials for ironmaking were characterized.53-55
Considering the heating characteristics of microwave energy, a new technology entitled
“Direct Steelmaking through Microwave and Electric Arc Heating” was successfully
developed by a research group led by Jiann-Yang Hwang at Michigan Technological
University (MTU).56-59 A pilot plant for scale-up of the steelmaking system using this
technology was also built, as shown in Fig. 1.1.

Fig. 1.1. MTU microwave steelmaking rotary hearth system.
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As two of the most common challenges in microwave heating, insufficient microwave
absorption and uneven temperature distribution were also observed in microwave
assisted steelmaking. Inhomogeneous microwave heating can lead to the formation of
hot spot and catastrophic phenomenon of thermal runaway, disturbing the production
process and degrading the quality of product.60-64 To address these problems for
steelmaking using microwaves, it is quite necessary to perform a thorough investigation
on the heat transfer in microwave heating. This highly demands the analyses of
microwave propagation and dissipation behaviors and characterizations of microwave
absorption properties of ironmaking materials. Only if these works have been carried
out can microwave heating with high microwave absorption and uniform temperature
distribution be achieved.

1.3 Microwave Heating Fundamentals

1.3.1 Permittivity and Permeability

The following outlines the basic variables related to the interaction between
microwaves and materials. For nonmagnetic dielectrics, the absorption of microwaves is
related to the permittivity (ε), which can be defined as follows:65

=
ε ε=
0ε r ε 0 (ε r ' − jε r "),

(1.1)

where ε0 is the permittivity of free space (8.854 ×10-12 F m-1), and j is the imaginary
unit, j2 = -1. The complex relative permittivity (εr) is used to describe the constitutive
4

relation between the electric flux density and the electric field intensity in lossy
dielectrics. It is comprised of two components: the real part of complex relative
permittivity or the relative dielectric constant (εr′), and the imaginary part of complex
relative permittivity or the relative dielectric loss factor (εr″). The real part of complex
relative permittivity is a measure of the ability of the dielectrics to store electrical
energy, while the imaginary part of complex relative permittivity represents the loss of
electrical energy in dielectrics. The energy lost from the electric field to the dielectric is
eventually converted into thermal energy or heat. Thus, for dielectrics with no magnetic
properties, the imaginary part of complex relative permittivity determines the heating
rate when microwave energy is applied.

For nonmetallic magnetic materials, such as ferrites, the absorption of microwaves
depends on both the permittivity and permeability (μ). The permeability is defined by
the following equation:

=
µ µ=
µ0 ( µr '− jµr "),
0 µr

(1.2)

where μ0 is the permeability of free space (4π × 10-7 H m-1), and μr is the complex
relative permittivity, which is used to describe the constitutive relation between the
magnetic flux density and the magnetic field intensity where the magnetic field based
loss mechanisms exist. The complex relative permeability is also comprised of two
components: the real part of complex relative permeability or the relative magnetic
constant (μr′), and the imaginary part of complex relative permeability or the relative
magnetic loss factor (μr″). The real part of complex relative permeability is a measure of
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the ability of the dielectrics to store magnetic energy, while the imaginary part of
complex relative permeability represents the loss of magnetic field energy. The energy
lost from the magnetic field is again eventually converted into thermal energy or heat.
Thus, for magnetic materials, the imaginary part of complex relative permeability
heavily influences the heating rate under microwave irradiation.

The ratio of the imaginary to real parts of the permittivity and permeability, define
another parameter, the loss tangent (tanδ), which is commonly used to indicate the
efficiency of conversion of microwave energy into thermal energy within the
dielectrics. For nonmagnetic materials, the dielectric loss tangent is defined as

tan δ ε = ε r "/ ε r '.

(1.3)

Similarly, for magnetic materials, the magnetic loss tangent is defined as follows:

tan δ µ = µr "/ µr '.

(1.4)

1.3.2 Microwave Penetration Depth

The main advantage of microwave heating, compared with other conventional methods
(e.g., infrared radiation or convective transfer), is that microwaves penetrate into
materials, heating volumetrically, and significantly improving the heat transfer to the
interior of a sample.66 According to the equations for propagation of a TEM
electromagnetic wave in materials, a fraction 1-1/e ( that is, 63.2 %) of the traveling
wave energy (or power) is deposited in the material over the distance of a “TEM power
6

penetration depth”, Dp = 1/(2α), where α is the TEM field attenuation factor.67,68 This
penetration depth of microwaves is a key parameter in evaluating microwave heating.

In conventional furnaces, heat is transferred by thermal wavelength electromagnetic
radiation, and the penetration depth of infrared radiation (f = 1013 Hz) is very small
(much less than 10-4 m) in the majority of solids.69 Thus, only a very thin surface layer
of the material will be heated, and heating of the remainder of the material will depend
on heat transfer within the material (mainly heat conduction in the material). Since this
process requires a relatively long time, rapid heating is difficult to attain in most
materials using infrared heating. Conversely, in microwave heating, the penetration
depth varies from meters to millimeters because the frequencies used for heating,
generally 915 and 2450 MHz, are much lower than those used for infrared heating. This
means that, for a material that is appropriately sized relative to its penetration depth
under microwave irradiation, large surface temperature gradients can be avoided.
Relatively uniform rapid heating (volumetric heating) is, therefore, much easier to
achieve.

The penetration depth is influenced by both the electric and magnetic properties of
nonmetallic materials.70-73. Microwave heating investigations have been focused on the
nonmagnetic dielectric materials (e.g., ceramics) with limited attention paid to the
heating of mixed property materials (e.g., magnetite and other ferrites) under
microwave irradiation.73-78 However, since magnetic properties can enhance absorption
7

of microwaves, some research has been conducted to take advantage of this property.7983

A typical example is microwave assisted steelmaking, where magnetite concentrate is

used.56,82,83 Magnetite is known as a good absorber of microwaves, with rapid heating
and great energy conservation being achieved,56,83 but the mechanism is not well
quantified, as the high temperature microwave properties have not been measured.
Although the determination of the TEM power penetration depth in nonmagnetic
materials has been reported, the measurements giving the high-temperature penetration
depth of microwaves in materials with non-zero susceptibility (magnetic dielectrics) are
still lacking.73,84,85 Through determination of the penetration depth, the optimization of
dimensions of materials in microwave heating can be achieved, improving the energy
efficiency.

Neglecting magnetic effects (i.e., µr" = 0), the TEM power penetration depth, Dp , is
defined as the distance from the surface into the dielectric at which the traveling wave
power drops to e-1 from its value at the surface.85 It can be expressed as

D
=
p

λ0
2π (2ε r ')1/2

2 1/2


 εr "  


 1 + 
  − 1
  ε r '  





−1/2

,

(1.5)

where λ0 is the microwave wavelength in free space. When the magnetic susceptibility
is significant, as in magnetic dielectrics such as ferrites, this equation must be modified.
There are several formulations available in the literature, but all of them have not been
expressed in simple terms.
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1.3.3 Microwave Power Absorption

Microwave energy is transferred to a material through the interaction of the
electromagnetic field at the molecular level. For nonmagnetic material, the dielectric
properties determine the electromagnetic field in the material. The resistance of the
induced motions of free or bound charges and rotation of the dipoles during the
interaction of microwaves with the dielectric material due to inertial, elastic, and
frictional forces causes losses resulting in volumetric heating. According to this
mechanism, the instantaneous power absorbed per unit volume P is expressed as5
2

2

2

P σ=
E
E
=
2π f ε 0ε r ' tan δ=
2π f ε 0ε r " E ,

(1.6)

where E is the electric field, σ is the total effective conductivity, and f is the microwave
frequency.

Equation (1.6) indicates that the power absorbed in materials strongly depends on the
electromagnetic field (E and f) and the dielectric properties (εr″). The understanding of
microwave heating is thus based on the analyses of both microwave and materials.
However, it should be mentioned that this equation does not consider the thermal
contribution from magnetic response in the material under electromagnetic field. Such
limitation may cause inaccurate analysis in the microwave heating for magnetic
materials. Previous research showed that powered metal compacts were effectively
heated in the H field, but not in the E field. Metal-ceramic composites could be heated
up in both microwave E and H fields.86,87 The main mechanisms behind the magnetic
9

contribution include the hysteresis, eddy currents, magnetic resonance, and domain wall
oscillations.88 Therefore, the neglect of magnetic component effect in energy transfer
from microwaves to materials is no longer acceptable and accurate heat transfer in
microwave heating needs the incorporation of the effect of the magnetic fields. This can
be achieved by determining the power absorption of materials using Poynting’s
theorem.89

1.3.4 Microwave Propagation in Materials

As discussed above, the interaction between microwaves and materials relies on the
dielectric and magnetic properties of materials. The materials can then be divided into
three types, depending on the microwave propagation behaviors inside, as shown in
Table 1.1.90

Table 1.1
Materials classification in microwave heating.
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As indicated in Table 1.1, there are three main groups: transparent materials, conductors
and absorbers. Total microwave transmission occurs in the transparent materials (no or
quite low dielectric and magnetic responses). It indicates that microwaves propagate
inside the materials without energy loss, resulting in no thermal energy transfer. In other
words, this type of material cannot be efficiently heated in a microwave field. For
conductors, they generally reflect microwaves, as demonstrated in a large amount of
research. However, it should be emphasized that this is only true for bulk conductors
rather than conductor powders.

The microwave absorbers are generally the materials with noticeable dielectric and
magnetic losses. This type of material can be heated under microwave irradiation and
the degree of microwave heating efficiency is related to the magnitudes of the
permittivity and permeability. It can then be divided into several sub-types, for
example, lossy dielectric materials and magnetic dielectrics. To gain further
understanding of the microwave-material interaction, microwave propagation behaviors
in various materials should be characterized. Due to fast microwave velocity in most
media, it is almost impossible to visualize the microwave propagation process in
experiments. This indicates that modeling and simulation based on the numerical
method may provide a solution to this problem.
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1.3.5 Characterization of Microwave Absorption Properties of Materials

Microwave heating has been recognized as a technique depending on the properties of
materials. Analysis of microwave heating process requires the characterization of the
microwave absorption properties of materials. This further demands the measurements
of the permittivity and permeability at varying frequencies and temperatures.

Typical methods for permittivity measurement include open-ended coaxial probe
method (OECPM), transmission-line method (TLM), and resonant cavity method
(RCM). OECPM is quite suitable for liquids and soft solid samples. It is accurate, fast,
and broadband (from 0.2 to 20 GHz) and requires little sample preparation. But the
accuracy of this method is not high enough for measuring the materials with low
dielectric properties.91-93 TLM belongs to a large group of nonresonant methods of
measuring complex permittivity of materials in a microwave range.94 There are three
main types of transmission lines used as the measurement cell in TLM: rectangular
waveguide, coaxial line, and microstrip line. This method generally gives a good
accuracy for high-loss materials. It is a time-consuming technique and has rigid
requirements on sample shape and sizes. Usually it is more expensive for the same
range of frequency than OECPM.95 RCM is also widely utilized in measuring the
complex permittivity of lossy materials. The most popular resonant cavity method is the
perturbation method (also known as the cavity perturbation measurement technique,
CPMT). This method is more accurate than the waveguiding methods. It is particularly
12

suited for medium-loss and low-loss materials and substances.96-98 However, this
method generally can only measure the precisely shaped small-sized sample at a fixed
frequency. Commercial systems from Hewlett-Packard are also more expensive than the
OECPM system, resulting in a high measurement cost.

Considering the accuracy for the measurement, CPMT is employed in this research.
This method measures the difference in the microwave cavity response between a cavity
with an empty sample-holder and the same cavity with a sample-holder plus the sample,
and uses this to calculate either the permittivity or permeability, depending on the field
type (electric or magnetic) in the region of the cavity in which the sample is placed.99-102
The technique measures the frequency shift and the change in loaded quality factor (Q)
of a resonant mode of the cavity caused by inserting a sample.

Permittivity Measurements

The permittivity was measured by placing the sample in the central region of maximum
electric field in a TM0n0 cavity (Fig. 1.2),65 and measuring the frequency shift and
quality factors. The electric susceptibility (χe = χe′ - j χe″) can be calculated through the
following equation:

-χ e  V s 
1
1
∆f
+ j(
)=
A,
2Q L,S 2Q L,E
1+ F sh χ e  V c 
fe

(1.7)

where, in the present case, fe is the specific cavity mode frequency (915 ±0.5% MHz or
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2450 ±0.5% MHz) , QL,E is the loaded cavity quality factor with the empty holder, Δf is
the frequency shift produced by the sample, QL,S is the loaded cavity Q with the holder
and sample, Fsh is a real number dependent only on the sample shape, Vs and Vc are the
respective sample and cavity volumes, A is a real calibration constant dependent only on
the shape of the electric fields in the absence of the sample. The two calibration
constants in the formula, A and Fsh can be determined either by comparison with
computer simulations or by comparison with known samples. Solid or liquid calibration
samples are used, depending upon whether the sample material is liquid (or a tamped-in
powder) or solid (carved or core-drilled sample or pressed pellets). The absolute
calibration is normally done at room temperatures, and uses measurements on known
high purity materials (similar to ASTM Standard Test Method, D2520-86, Method C).
It should be noted that for very large values of electric susceptibility, χe, the value of the
fractional frequency shift approaches an asymptotic value (-A/Fsh)*(Vs/Vc). Thus the
fractional error in determination of the susceptibility is proportional to the
susceptibility.

The measurement system is illustrated in Fig. 1.2. The main system components are a
high temperature resistance furnace and a cylindrical TM0n0 cavity with a diameter of
580 mm and a length of 50 mm. To do a measurement at a specific temperature, the top
section of the holder which has the sample in it is raised into the furnace, and held at
least 5 min to ensure that the equilibrium furnace temperature is achieved in the sample.
Then the hot sample and holder are rapidly lowered into the central, maximum electric
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field, region of thick-walled, well-cooled copper TM0n0 cavity. The resonant
frequencies and loaded quality factor, QL,S, of the cavity modes are rapidly measured by
a Hewlett-Packard 8753 network analyzer and stored for off-line analysis (which
includes subtraction of hot empty sample holder effects which were previously
measured). The sample and holder are typically out of the furnace for ~ 1.5 seconds for
each frequency measured – in the present case of two frequencies, which means about 3
seconds out of the furnace. The sample temperature decrease during this period is small
(typically < 10 degrees up to 1000 ºC) and the cooling rates are known and included in
the calculation of the exact temperature of a measurement. The permittivity
measurements can be done from room temperature in specified steps to the given
temperature (up to 1200 ºC), and then cooled down.

After the completion of the sequence of measurements, the mass and dimension of the
sample are remeasured. The whole measurement sequence is preprogrammed and
computer-controlled over the desired set of temperatures, with furnace, linear motion
actuator (sample movement), and network analyzer all controlled by a PC running
Labview control software.

Permeability Measurements

The complex permeability was measured using a ridge-loaded-WR284 waveguidebased resonant cavity which produces a region of maximum magnetic field strength at
15

the shorted end of the waveguide.102 The sample was moved rapidly into this maximum
field, and again the frequency shift and change in loaded Q are measured. The complex
permeability is calculated using a formula identical in form to eq. (1.7), but with the
appropriate frequency and Q and shape factors and calibration constants for the
magnetic cavity.

The permeability measurements are, in practice, less accurate than permittivity
measurements because large corrections have to be made for the frequency and Q shift
in the magnetic cavity that are caused by the small, but significant, electric field that
exists in the high magnetic field region. Since the complex dielectric constant is almost
always much larger (typically 10 times) than the complex permeability, the small
electric field causes frequency shifts and Q changes that must be taken into account.
Thus the magnetic measurements require subtractions that depend upon reliable values
at each temperature of the complex permittivity. Only after these corrections have been
made, can the complex magnetic susceptibility χm, be determined by using eq. (1.8):

-χ m  V s 
1
1
∆f
+ j(
)=
A,
2Q L,S 2Q L,E
1+ F sh χ m  V c 
fm

(1.8)

where fm is the cavity mode frequency in the permeability test, and ∆f and Q are only
from the magnetic field induced contribution. Even after these corrections, other
problems exist in the interpretation of the apparent measured magnetic susceptibility. If
the sample has a moderately large high-frequency electrical conductivity (which is
determined by the permittivity measurements), the time-varying microwave magnetic
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field can induce electrical fields in the sample that produce azimuthal induced currents
in the sample, completely analogous to low frequency induction heating. This
represents another mechanism of power loss in the sample, and produces power loss and
a reduction in Q. However, these losses are mainly due to the electrical conductivity of
the sample, which is a part of the imaginary permittivity. These “induced electric field”
losses are not significant in the permittivity measurements because of the very low
magnetic field in the central region of the TM0n0 cavity, relative to the electric field.

Fig. 1.2. Schematic of the TM0n0 cavity system (in cross-section) showing the linear
actuator with the quartz sample holder and a sample located on axis in the center of the
cavity.

Another problem occurs if the sample conductivity is very high, as with an almost
metallic sample. If the conductivity is such that the skin depth is small relative to the
17

diameter of the sample, this implies that the induced currents produce a “bucking”
magnetic field in the sample interior that exactly counters the cavity magnetic field. In
this way, all magnetic fields are excluded from the interior of the sample. This is the
typical Lenz’s law situation, and implies an “apparent” magnetic susceptibility, χm = -1,
or a value µr = 0 if interpreted incorrectly using eq. (1.8). These problems can only be
avoided by a detailed knowledge of the physical and solid state properties of the sample
at all temperatures.

1.4 Heat Transfer Analysis of Microwave Heating

Although microwave has shown its superiority in materials heating, a major drawback
known as the nonuniform temperature distribution inside materials has also been
observed by many researchers.103,104 To solve this problem, the accurate temperature
determination inside the materials under microwave irradiation is quite necessary.
However, an exact temperature measurement in microwave heating has been identified
as a hard work since most common temperature measurement tools like thermocouple
and pyrometer may not provide precise measurement data. The interaction between
thermocouple and microwave lowers the measurement accuracy while the complexity
of emissivity considerations required to properly apply optical pyrometry heavily limits
its extensive application.105
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In comparison with the direct temperature measurement, temperature prediction by
analytical and numerical methods seems to offer a promising solution to this problem.
Both analytical and numerical methods are required to solve the heat transfer
differential equation coupled with Maxwell’s equations, but the former is found to be
much more difficult since the heat generation from microwave heating and complex
boundary conditions including convective and radiative heat transfer need to be
considered simultaneously to obtain a closed-form mathematical solution.106-108
Conversely, numerical modeling has been proved as an efficient and accurate method to
predict the temperature of materials during microwave heating in the past 20 years.109113

Most of those studies have been focused on the utilization of microwave in the field

of food processing where only heat diffusion and/or convection were considered.
Meanwhile, the variations of dielectric properties of materials during the heating were
generally ignored due to a relatively low temperature range investigated (generally <
120 °C). It is obvious that the same assumption cannot be applied at high temperatures
where heat radiation becomes quite strong and the dielectric properties may change
dramatically. Therefore, to accurately simulate heat transfer in high-temperature
microwave processing of materials, the radiation effect and the temperature dependency
of dielectric properties of materials have to be considered.
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Chapter 2 Goals and Hypotheses

The main objective of this research is to investigate the heating fundamentals for
achieving highly efficient microwave assisted steelmaking. The specific goals include:
(1) Derive new equations for characterizing microwave decay.
(2) Identify the contribution of magnetic loss to microwave heating.
(3) Characterize microwave absorption properties of materials for ironmaking.
(4) Model microwave propagation in dielectric media.
(5) Simulate heat transfer in microwave heating.
(6) Improve microwave absorption and heating uniformity.

2.1 Derive New Equations for Characterizing Microwave Decay

As mentioned previously, one of key parameters in microwave heating is the
microwave penetration depth (Dp). The conventional equation for Dp does not include
the contribution of permeability, which is quite important in the microwave heating of
various materials including powdered metal, semiconductors, magnetic dielectrics, etc.
Thus, we suppose that a complete and simplified equation for determining the
transverse electromagnetic mode (TEM) power penetration depth of microwaves in
materials having both magnetic and dielectric responses is necessary and useful for
describing the behaviors of microwave propagation and dissipation. Because two other
parameters, field attenuation length (Df) and half-power depth (Dh), are also employed
20

to indicate the microwave dissipation in materials in microwave heating, the
corresponding equations for determining these parameters also deserve attention and
need to be developed , too.

2.2 Identify the Contribution of Magnetic Loss to Microwave Heating

It is expected that magnetic response contributes to the increase in temperature of
materials in microwave heating. This can be indicated by the comparison between
microwave heating of magnetite and that of hematite. With magnetic response, the
former can be heated much faster than the later under the same experimental conditions.
The present work seeks to determine the contribution of magnetic loss to microwave
heating through the equation derived for magnetic loss in magnetic dielectric materials.

2.3 Investigate Microwave Absorption Properties of Materials for
Ironmaking

The above discussion shows that microwave heating strongly depends on the
microwave absorption properties of materials. However, so far, no systematic work has
been conducted to study these properties of materials for ironmaking. In this study, the
dielectric and magnetic properties of hematite (nonmagnetic), magnetite concentrate
(magnetic), ferrous oxide (nonmagnetic) and coal (organic) will be measured using the
cavity perturbation measurement technique (CPMT). Various techniques, such as X-ray
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diffraction (XRD), field emission-scanning electron microscopy (FE-SEM), high
temperature X-ray diffraction (HT-XRD), thermal gravimetric analysis (TGA), and
Fourier transform infrared spectroscopy (FTIR), will be employed to help characterize
the microwave absorption properties of the materials. Microwave penetration depths
and dielectric losses as well as magnetic losses for these materials will be calculated
based on the measured values of permittivity and permeability.

2.4 Model Microwave Propagation in Dielectric Media

The purpose of this part of research is to further the understanding of microwave
propagation and dissipation in various media through the simulation using finitedifference time-domain (FDTD) method. The FDTD method is a popular computational
electrodynamics modeling technique, where the time-dependent Maxwell’s equations in
the partial differential form are discretized using central-difference approximations to
the space and time partial derivatives. The resulting finite-difference equations are
solved in either software or hardware in a leapfrog manner.114-119 The typical packages
include CFDTD (PSU version, Pennsylvania)120 and Concerto 7.0 (Vector Fields,
U.K.).121-123 These packages perform the simulation quickly while the corresponding
computational process cannot be visualized. To guarantee the simulation results, instead
of using these available packages, a specific computational code will be developed
using Mathematica 7.0 (Wolfram Research of Champaign, Illinois) in this part of

22

research. The simulation patterns for various materials under microwave irradiations
will be obtained and analyzed.

2.5 Simulate Heat Transfer in Microwave Heating

Actually, the accurate simulation of heat transfer process in microwave heating requires
the solution of the equation where the heat diffusion equation is coupled with
Maxwell’s equations. This needs to consider both the vibrations of electric and
magnetic fields in the computation and the standing wave effect inside the materials,
which will significantly enhance the computation cost in the simulation. To save the
computation power, Lambert’s law rather than Maxwell’s equations will be applied in
the computation. This treatment has been shown as an acceptable technique in the
simulation of large-scale microwave heating of materials.124 The corresponding codes
will be developed using Mathematica 7.0. The effects of various parameters including
heating time, microwave power, microwave frequency, and object dimension on the
heat transfer in microwave heating of magnetite will be investigated.

2.6 Improve Microwave Absorption and Heating Uniformity

Due to the relatively larger penetration depth of microwaves in materials at commonly
used frequencies, 915 and 2450 MHz, it can be assumed that microwave absorption of
materials closely relies on the sample dimension. An appropriate size of the material is
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important for increasing microwave heating efficiency. Furthermore, because the rate of
heat conduction in materials is much slower than the oscillation speed of microwave
electric and magnetic fields, heating nonuniformity is always observed in experiments.
Heat transfer in microwave heating becomes more important in large-scale microwave
heating. In this section of the research, we suppose that the dimensions of materials
subjected to microwave heating can be optimized to increase microwave absorption and
to improve heating uniformity. Reflection loss and impedance matching will be
introduced to achieve this aim.
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Chapter 3 New Equations for Characterizing Microwave
Decay *

3.1 Derivation of Microwave Power Penetration Depth Equation

In a homogeneous medium and without convection or external currents, the differential
Maxwell’s equations in lossy dielectrics are given by
∇ × E = − jωµ H ,

(3.1)

∇ × H = jωε E ,

(3.2)

∇ ⋅ E = 0,

(3.3)

∇ ⋅ H = 0,

(3.4)

*

The content of this chapter was previously published in ISIJ International65 by Zhiwei Peng, Jiann-Yang
Hwang, Joe Mouris, Ron Hutcheon, Xiaodi Huang and in TMS Annual Meeting, 2nd International
Symposium on High-Temperature Metallurgical Processing - Held During the TMS 2011 Annual
Meeting and Exhibition125 by Zhiwei Peng, Jiann-Yang Hwang, Xiaodi Huang, Matthew Andriese,
Wayne Bell.
Reproduced with permission from ISIJ International: Zhiwei Peng, Jiann-Yang Hwang, Joe Mouris, Ron
Hutcheon, Xiaodi Huang. Microwave Penetration Depth in Materials with Non-zero Magnetic
Susceptibility. ISIJ International. 2010;50(11):1590‒1596. Copyright © 2010 The Iron and Steel Institute
of Japan. (See Appendix A-1 for copyright permission).
Reproduced with permission from TMS Annual Meeting, 2nd International Symposium on HighTemperature Metallurgical Processing - Held During the TMS 2011 Annual Meeting and Exhibition:
Zhiwei Peng, Jiann-Yang Hwang, Xiaodi Huang, Matthew Andriese, Wayne Bell. Microwave Field
Attenuation Length and Half-power Depth in Magnetic Materials. TMS Annual Meeting, 2nd
International Symposium on High-Temperature Metallurgical Processing - Held During the TMS 2011
Annual Meeting and Exhibition. 2011;51‒57. Copyright © 2011 The Minerals, Metals and Materials
Society. (See Appendix A-2 for copyright permission).
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where E is the electric field intensity, H is the magnetic field intensity and ω is the
angular frequency of microwaves. Considering vector multiplication, for Maxwell’s
equations, we have

∇ × ∇ × E = ∇ ( ∇ ⋅ E ) − ∇2 E = − jωµ∇ × H = ω 2 µε E = −γ 2 E ,

(3.5)

∇ × ∇ × H = ∇ ( ∇ ⋅ H ) − ∇2 H = jωε∇ × E = ω 2 µε H = −γ 2 H ,

(3.6)

where γ is the propagation constant. Thus, we obtain

0,
∇2 E − γ 2 E =

(3.7)

∇2 H − γ 2 H =
0.

(3.8)

The two equations above are also known as the Helmholtz equations. Assuming a TEM
plane wave traveling in the z direction with the x component of electric field intensity,
the Helmholtz equations would yield
d 2 Ex
0.
− γ 2 Ex =
dz 2

(3.9)

The general solution to this wave equation is

E x ( z ) =C1 e −γ z + C2 e +γ z =C1 e −α z e − jβ z + C2 eα z e jβ z ,

(3.10)

where C1 and C2 are constants. In time domain, the representation of E is

E x ( z, t ) = Re {E x ( z ) e jωt },

=
E x ( z, t ) C1 e −α z cos (ωt − β z ) + C2 eα z cos (ωt + β z ) .

(3.11)
(3.12)

Here, the propagation constant (γ) is a complex number and can be expressed as

γ= α + jβ ,
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(3.13)

where α is the field attenuation factor and β is the phase constant. From the definition,
we have

γ = jω ( µε ) ,

(3.14)

γ = jω ( µ0 µrε 0ε r ) ,

(3.15)

1/2

1/2

γ = jω [ µ0 ( µr '− j µr ")ε 0 (ε r '− jε r ")] ,
1/2

(3.16)
1/2

 −ω 2ε 0 µ0 ( ε r ' µr '− ε r " µr ") + jω 2ε 0 µ0 ( ε r ' µr "+ ε r " µr ' )  .
γ =

(3.17)

By separating the real and imaginary parts of eq. (3.17) and equating the real part with
α, we have
1/2

ε µ
α ω  0 0 
=
 2 

1/2

ε µ
α 2π f  0 0 
=
 2 

1/2

1/2


 ( ε r ' µr ' ) 2 + ( ε r " µr " ) 2 +  

  ,
ε r " µr "− ε r ' µr '+ 
(ε r ' µr ") 2 + ( µr ' ε r ") 2  
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(3.19)

1/2

α
=

1/2

(ε r ' µr ' ) 2 + (ε r " µr ") 2 +  
2π 
  ,
ε " µ "− ε r ' µr '+ 
2
2
λ0  r r
(
'
")
(
'
")
ε
µ
µ
ε
+

 
r
r
 r r


(3.20)

The wave is attenuated as it traverses the medium and therefore the power is dissipated.
According to the definition of the (1/e) power penetration depth, we obtain
Dp =

1
,
2α
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(3.21)

1/2

( ε r ' µr ' ) 2 + (ε r " µr ") 2 +  
λ0 
Dp
=
 
ε r " µr "− ε r ' µr '+ 
2
2
2 2π 
(
ε
'
µ
")
(
µ
'
ε
")
+

 
r
r
 r r


−1/2

,

(3.22)

or, in terms of loss tangent,

(1 + tan 2 δ tan 2 δ + tan 2 δ + tan 2 δ )1/2 
λ0
ε
µ
µ
ε


Dp =
1/2
2π ( 2ε r ' µr ' )  + tan δ ε tan δ µ − 1


−1/2

.

(3.23)

Equation (3.22) is, therefore, the equation for the determination of microwave
penetration depth of magnetic dielectrics. Assuming µr" = 0, eq. (3.22) simplifies to

=
Dp

λ0
1/2
2π ( 2ε r ' )

2 1/2





ε
"
r
 1 +


−
1
  ε r '  





−1/2

(3.24)

,

which is the same as eq. (1.5). For magnetic dielectrics, eq. (3.22) should be applied in
the calculation of the power penetration depth.

3.2 Derivation of Field Attenuation Length Equation

According to the definition of the field attenuation length (skin depth), Df, we obtain
1/2


 ( ε r ' µr ' ) 2 + ( ε r " µr " ) 2 +  
1
λ0 
D f == ε r " µr "− ε r ' µr '+ 
 
α
2π 
(ε r ' µr ") 2 + ( µr ' ε r ") 2  





or, in terms of loss tangent,
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−1/2

,

(3.25)

Df =

λ0
1/2
π ( 2ε r ' µr ' )

(1 + tan 2 δ tan 2 δ + tan 2 δ + tan 2 δ )1/2 
ε
µ
µ
ε


 + tan δ ε tan δ µ − 1


−1/2

,

(3.26)

where tanδε and tanδμ are dielectric loss tangent and magnetic loss tangent, respectively.

3.3 Derivation of Half-power Depth Equation

For the microwave half-power depth, Dh, it is defined as the distance from the surface
into the dielectric at which the traveling wave power drops to 1/2 from its value at the
surface. From this definition, we have
Dh =

ln ( 2 )
,
2α

1/2

(ε r ' µr ' ) 2 + (ε r " µr ") 2 +  
ln(2)λ0 
Dh
=
 
ε r " µr "− ε r ' µr '+ 
2
2
2 2π 
(
ε
'
µ
")
(
µ
'
ε
")
+

 
r
r
 r r


(3.27)
−1/2

,

(3.28)

.

(3.29)

or, in terms of loss tangent,

Dh =

ln(2)λ0

2π ( 2ε r ' µr ' )

1/2

(1 + tan 2 δ tan 2 δ + tan 2 δ + tan 2 δ )1/2 + 
ε
µ
µ
ε


 tan δ ε tan δ µ − 1
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−1/2

Chapter 4 Magnetic Loss in Microwave Heating †

4.1 Magnetic Loss and Heat Generation

As aforementioned, microwave heating has gained exceptionally broad applications in
the field of material synthesis and processing. The understanding of physical
mechanism for this technique further advances these utilizations. Among the various
intriguing aspects of microwave heating, one point receiving the increasing attention is
the superior advantage of microwave magnetic field heating over electric field heating
for materials including magnetic dielectrics and metal powders. The different types of
heating may generate a distinguished difference between microwave magnetic loss and
dielectric loss.86 The relative experimental phenomenon was first observed in the
heating of various metal powders and magnetic as well as nonmagnetic ceramics by
using separated microwave electric and magnetic fields.86,88,127 It was found that
microwave magnetic field heating achieves a much faster temperature increase than
electric field heating for magnetic dielectric materials (e.g., ferrites) and certain
conductive powder materials (e.g., cobalt). The similar results and observations were
then reported and confirmed by other studies.128-130 These experimental studies clearly
†

The content of this chapter was previously published in Applied Physics Express126 by Zhiwei Peng,
Jiann-Yang Hwang, Matthew Andriese.
Reproduced with permission from Applied Physics Express: Zhiwei Peng, Jiann-Yang Hwang, Matthew
Andriese. Magnetic Loss in Microwave Heating. Applied Physics Express. 2012;5(2):027304‒027304‒3.
Copyright © 2012 The Japan Society of Applied Physics. (See Appendix B-1 for copyright permission).
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show that magnetic loss contributes significantly to the microwave heating and deserves
further investigations, especially on the theoretical aspect.

In the past few years, several theoretical works were carried out to explore magnetic
loss mechanism. Among them, the selective heating mechanism of magnetic metal
oxides by a microwave magnetic field using dissipative spin dynamics simulation was
reported. It was claimed that the heating occurs due to the response of magnetization to
microwaves, originating from electron spins.131 More recently, the effect of magnetic
anisotropy on magnetic loss in microwave magnetic field heating of ferromagnetic
materials was identified.132 These studies, however, generally focused on several
specific materials and did not quantify the magnetic loss from a theoretical viewpoint.

The quantification of magnetic loss is essential for clarifying the microwave heating
mechanism and analyzing heat transfer in materials under microwave irradiation. This is
attributed to the fact that temperature increase in materials depends on the heat
generation during microwave processing, which includes the contributions from
dielectric loss and magnetic loss.

The work in this chapter seeks to determine the contribution of magnetic loss to
microwave heating through the equation derived for magnetic loss in magnetic
dielectric materials. It was started by the derivation of the equation for microwave
power dissipation in media. The difference between dielectric loss and magnetic loss
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was subsequently evaluated for five ferrites, namely BaFe12O19, SrFe12O19, CuFe2O4,
CuZnFe4O4 and NiZnFe4O4. It is demonstrated that magnetic loss contributes greater to
microwave heating of magnetic dielectrics than dielectric loss, which agrees well with
the observation in previous experimental work. From the calculations, it is believed that
the formula developed in this work can be used to study the heating characteristics of
materials in the microwave magnetic field and to analyze the heat transfer process in
microwave heating of materials.

4.2 Derivation of Microwave Power Dissipation Equation

The power flows through a closed surface can be calculated from the integration of the
Poynting vector S:

S= E × H .

(4.1)

The Average Power is
Pav =∫ 〈 S 〉 ds ' =−
s'

1
Real ( E × H * ) ⋅ ds '.
∫
2 s'

(4.2)

The deduction process is as follows:

∇=
× H jωε E + J ,

=
∇ × H jωε 0ε r ,d E + σ E ,
=
∇×H

(ωε ε

0 r ,d

"+ jωε 0ε r ,d ' ) E + σ E ,
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(4.3)
(4.4)
(4.5)


σ 
=
∇ × H ωε 0  ε r ,d "+
 E + jωε 0ε r ,d ' E ,
ωε 0 


(4.6)

=
∇ × H ωε 0ε r '' E + jωε 0ε r ' E.

(4.7)

From mathematics, we have

∇⋅(E × H*) =

(∇ × E ) ⋅ H * − (∇ × H * ) ⋅ E,

(4.8)

∇ ⋅ ( E × H * )= ( −ωµ0 µr "− jωµ0 µr ' ) H  ⋅ H * − (ωε 0ε r " E − jωε 0ε r ' E ) ⋅ E ,

(4.9)

∇⋅(E × H*) =
−ωµ0 µr " H ⋅ H * − ωε 0ε r " E ⋅ E * − jωµ0 µr ' H ⋅ H * + jωε 0ε r ' E ⋅ E *.

(4.10)

By using the divergence theorem, we have
= ∫ ( E × H ) ds ',
∫ ∇ ⋅ ( E × H )dV
*

*

V

s'

∫ ∇ ⋅ ( E × H )dV= ∫ ( −ωµ µ " H ⋅ H
*

0

V

r

*

(4.11)

− ωε 0ε r " E ⋅ E * )dV

V

− jω ∫ ( µ0 µr ' H ⋅ H − ε 0ε r ' E ⋅ E * )dV .
*

(4.12)

V

Thus,
Pav =∫ 〈 S 〉 ds ' =−
s'

=
Pav

1
Real ( E × H * ) ⋅ ds ',
2 ∫s '

(4.13)

1
1
ωε 0ε r " ∫ ( E ⋅ E * ) ⋅ dV + ωµ0 µr " ∫ ( H ⋅ H * ) ⋅ dV ,
2
2
V
V

(4.14)

1
1
ωε 0ε r " E 2V + ωµ0 µr " H 2V .
2
2

(4.15)

=
Pav

As indicated in eq. (4.15), microwave heating is dependent on the microwave
frequency, dielectric loss factor of the material, magnetic loss factor of the material,
microwave electric field strength, and magnetic field strength.
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4.3 Derivation of Magnetic Loss Equation

Magnetic loss in a medium during microwave heating relies on the distribution of an
electromagnetic field, which is governed by Maxwell’s equations. Assuming the
microwaves are uniform plane waves incident from air to magnetic dielectric interface
propagating in the z direction (Fig. 4.1), then the simplified equation for electric field
(E) of the uniform plane wave developed from Maxwell’s equations can be described
by eq. (3.9)65,133

Fig. 4.1. A magnetic dielectric layer subjected to microwaves from the left side.

As shown before, the propagation constant, γ, can be given as eq. (3.14) with
consideration of both permittivity and permeability. It can also be expressed as a
complex number with two parts: α and jβ. The simplified form for α is described by eq.
(3.20) while the phase constant β can be calculated and expressed as
1/2

β
=

1/2

(ε r ' µr ' ) 2 + (ε r " µr ") 2 +  
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r
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(4.16)

For the microwave incident from the left side the boundary conditions (at z = 0, L) for
the plane wave propagating in the z direction can be simplified as

E x ,0 = E x ,1 ,

(4.17)

H y ,0 = H y ,1 ,

(4.18)

where the subscripts 0 and 1 denote the free space and magnetic dielectric domain,
respectively; Hy is the magnetic field component of plane wave, which can be
determined by using the following formula:
dE x
= j µω H y .
dz

(4.19)

The general solution of the plane wave can be obtained as

=
E x Ae −γ z + Beγ z ,
1

=
Hy

η

( Ae

−γ z

− Beγ z ) ,

(4.20)
(4.21)

where η is the impedance and given as

η = j µω / γ .

(4.22)

With consideration of incident electric field (E0), the electric and magnetic fields within
magnetic dielectrics (0 ≤ z ≤ L) can be determined using the following equations:

=
E x E0 ( Ce −γ 1z + Deγ 1z ) ,
=
Hy

1

η1

E0 ( Ce −γ 1z − Deγ 1z ) ,

(4.23)
(4.24)

where C and D are the coefficients dependent on the permittivity and permeability of
materials. They can be determined by applying boundary conditions described by eqs.
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(4.17) and (4.18) in the general solution. The coefficients C and D are then solved and
given as
C=

Tt
,
1 − Rr 2 e −2γ 1L

(4.25)

−Tt Rr e −2γ 1L
,
1 − Rr 2 e −2γ 1L

(4.26)

D=

where Tt and Rr are the transmission and reflection coefficients at the interface between
free space and magnetic dielectric medium, respectively, with the following forms:
Tt =

2η1
,
η1 + η0

(4.27)

Rr =

η1 − η0
.
η1 + η0

(4.28)

The electric field within material can thus be obtained as
E x = E0

Tt ( e −γ 1z − Rr e −2γ 1L+γ 1z )
1 − Rr 2e −2γ 1L

.

(4.29)

Both Tt and Rr are complex quantities and thus can be represented as

Tt = Tt e jτ ,

(4.30)

Rr = Rr e jδ ,

(4.31)

where τ and δ are the phase angles for transmission coefficient and reflection
coefficient, respectively. With above definitions for Tt, Rr and γ, eq. (4.29) is then
transformed as
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E x = E0 Tt

e −α z e

j (τ − β z )

− Rr e −

α ( 2 L − z ) j τ +δ − β ( 2 L − z )

e

2

1 − Rr e −2α L e

j (2δ −2 β L)

.

(4.32)

In microwave heating, the contribution of dielectric loss QE to the power dissipated
(heat generated) per unit volume (W m-3) is determined by the Poynting vector.134 It can
be simplified as
QE ( z ) =

1
2
ωε 0ε r " E x .
2

(4.33)

Thus, QE is determined by the following formula:

1
2
2
ωε 0ε r " E0 Tt ×
2

QE ( z )
=

e −2α z − 2 Rr e −2α L cos ( 2 β L − 2 β z − δ ) + Rr e −2α L e −2α ( L− z )
2

1 − 2 Rr e −2α L cos ( 2 β L − 2δ ) + Rr e −4α L
2

4

.

(4.34)

For microwave heating of magnetic dielectric materials the magnetic loss depends on
the permeability. Using eqs. (4.24) and (4.29), the magnetic field within the materials
can be solved and given by
−γ 1z
−2 γ 1 L + γ 1 z
).
E0 Tt ( e + Rr e
Hy =
1 − Rr 2e −2γ 1L
η1

(4.35)

Considering the phase angle of impedance of the magnetic dielectric medium (θ, rad),
eq. (4.35) can be transformed as

Hy =

E0

η1

Tt

e −α z e

j (τ − β z )

+ Rr e −
2

α ( 2 L − z ) j τ +δ − β ( 2 L − z )

e jθ − Rr e −2α L e
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e

j (θ + 2 δ − 2 β L )

.

(4.36)

Similarly, the contribution of magnetic loss QH to the power dissipated (heat generated)
per unit volume (W m-3) can also be determined by the Poynting vector. It is simplified
as
QH ( z ) =

2
1
ωµ0 µr " H y .
2

(4.37)

The magnetic loss in the microwave heating of the magnetic dielectric material can then
be determined as
2

E
1
2
QH ( z )
=
ωµ0 µr " 0 2 Tt ×
2
η1
e −2α z + 2 Rr e −2α L cos ( 2 β L − 2 β z − δ ) + Rr e −2α Le −2α ( L− z )

(4.38)

2

1 − 2 Rr e −2α Lcos ( 2 β L − 2δ ) + Rr e −4α L
2

4

.

The total heat generation Qz throughout the magnetic dielectric materials under
microwave irradiation can thus be determined by the following equation:

=
Q z QE ( z ) + QH ( z ) ,
1
2
2 e
Qz = ωε 0ε r " E0 Tt
2

−2 α z

(4.39)

− 2 Rr e −2α L cos ( 2 β L − 2 β z − δ ) + Rr e −2α L e
2

−2 α ( L − z )

1 − 2 Rr e −2α L cos ( 2 β L − 2δ ) + Rr e −4α L
2

4

−2α z
+ 2 Rr e −2α L cos ( 2 β L − 2 β z − δ ) + Rr e −2α L e −2α ( L− z )
E0
1
2 e
.
+ ωµ0 µr " 2 Tt
2
4
2
1 − 2 Rr e −2α L cos ( 2 β L − 2δ ) + Rr e −4α L
η1
2

2

(4.40)

To demonstrate the contribution of magnetic loss to microwave heating of magnetic
dielectric materials, the dielectric and magnetic losses of five ferrites, namely, barium
ferrite (BaFe12O19), strontium ferrite (SrFe12O19), copper ferrite (CuFe2O4), copper zinc
ferrite (CuZnFe4O4) and nickel zinc ferrite (NiZnFe4O4) were determined using the
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formulas derived above. Ferrites were chosen because: 1) they are important for
preparation of various electronic and microwave devices and 2) synthesis of ferrites by
microwave heating has been widely studied.135-137 The permittivity and permeability of
these ferrites are summarized in Table 4.1.138*

Table 4.1
Permittivity and permeability of the ferrites at 2‒40 GHz.
εr′

εr″

μr′

μr″

BaFe12O19

1.4647

0.0516

1.1046

0.0706

SrFe12O19

1.4061

0.04465

1.0941

0.0730

CuFe2O4

1.5073

0.0906

1.029

0.1061

CuZnFe4O4

1.5951

0.0888

1.0376

0.2092

NiZnFe4O4

1.3132

0.1232

1.0797

0.2012

Ferrite

*Average values were used due to slight frequency dependences of permittivity and permeability.

Table 4.2 shows the microwave absorption parameters of the ferrites at 2450 MHz,
which were determined based on the calculations using the formulas developed above
with the values of corresponding permittivity and permeability. It is seen that all the
ferrites have high microwave transmission coefficients, suggesting a partial contribution
to efficient microwave heating. To confirm this effect, it is necessary to characterize the
field distributions in the ferrites, as presented in Fig. 4.2. The incident microwave
energy flux (I = cε0E02/2, c is the speed of microwave in free space) was kept constant at
3 W cm-2, which corresponds to a 1.2 kW household microwave.134 This gives the
incident electric field (E0) having an amplitude of 4754 V m-1.
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Properties

Table 4.2
Microwave absorption parameters of the ferrites at 2450 MHz.
BaFe12O19

SrFe12O19

CuFe2O4

CuZnFe4O4

NiZnFe4O4

|Tt|

0.9300

0.9378

0.9058

0.8980

0.9545

|Rr|

0.0704

0.0628

0.0949

0.1086

0.0511

τ (rad)

-0.0077

-0.0093

-0.0117

-0.0395

-0.0237

δ (rad)

-3.0404

-3.0029

-3.0298

-2.8090

-2.6824

α (Np/m)

3.2351

3.1332

5.2140

8.4702

8.5501

β (rad/m)

65.2749

63.6543

63.9193

66.1863

61.1642

|η1| (Ω)

327.3945

332.6047

311.8169

306.6524

343.7765

As expected, Fig. 4.2 shows that the electric and magnetic fields keep relatively high
values after transmission and reflection at the air-ferrite interface due to high
transmission coefficients. It is also noticed that microwave fields of CuZnFe4O4 and
NiZnFe4O4 dissipate faster than the others in the 0.05-m-thick slabs. This is mainly
attributed to their shallower microwave penetration depths (Dp = 1/2α).65 The faster
field dissipation would probably lead to high microwave heat power generation (high
dielectric loss and/or magnetic loss) in the materials.

40

Fig. 4.2. (a) Electric field and (b) magnetic field distributions for microwave heating of the
0.05-m-thick ferrite slabs.

Figure 4.3 shows the dielectric loss and magnetic loss distributions for microwave
heating of the 0.05-m-thick ferrite slabs. Inspection of the figure indicates that magnetic
losses for the ferrites are much larger than the corresponding dielectric losses (QH >>
QE). The magnetic loss can be up to approximately four times greater than dielectric
loss (e.g., CuZnFe4O4). It suggests that the magnetic loss is more important during the
heating than the dielectric loss. This result is in good agreement with the observation in
the experimental work where magnetic dielectric materials are heated much faster in the
magnetic field than in the electric field of the microwave applicator. Hence, through our
calculations based on the derived formula, it can be concluded that more efficient
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heating for magnetic dielectric materials using microwave magnetic field could be
achieved. Also, note that CuZnFe4O4 and NiZnFe4O4 exhibit much larger magnetic
losses than the others. It is thus expected that the ferrites have the following heating rate
order in microwave magnetic field heating: CuZnFe4O4 > NiZnFe4O4 > CuFe2O4 >
SrFe12O19 ≈ BaFe12O19.

Fig. 4.3. (a) Dielectric loss and (b) magnetic loss distributions for microwave heating of the
0.05-m-thick ferrite slabs.

In summary, a simplified equation for determining magnetic loss in materials subjected
to microwave irradiation was derived in this work. The magnetic losses for five ferrites
including BaFe12O19, SrFe12O19, CuFe2O4, CuZnFe4O4 and NiZnFe4O4 were calculated
42

at 2450 MHz using the derived theoretical formula. The calculations of loss
distributions in the ferrites show that magnetic loss is up to approximately four times
greater than the dielectric loss in the microwave heating of ferrites. This demonstrates
that magnetic loss exhibits a primary effect on the microwave heating of ferrites,
indicating that efficient heating could be achieved in the microwave magnetic field.
Additionally, due to the large difference of magnetic losses between the ferrites, it is
anticipated that the ferrites have the following heating rate order in microwave magnetic
field heating: CuZnFe4O4 > NiZnFe4O4 > CuFe2O4 > SrFe12O19 ≈ BaFe12O19. The
developed formula is not only beneficial to the analysis of the heating characteristics of
materials in the microwave magnetic field but also useful in the future investigation of
the heat transfer process in the microwave heating of magnetic dielectrics.

43

Chapter 5 Microwave Absorption Properties of Materials for
Ironmaking ‡
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5.1 Hematite

5.1.1 Permittivity and Permeability of Hematite

Hematite (ferric oxide, 99.98 % purity) powders were supplied by Sigma-Aldrich Corp.,
St. Louis, MO. The chemical composition was confirmed by X-ray diffraction (XRD)
using a conventional Scintag XDS2000 powder X-ray diffractometer (Scintag Inc.,
Cupertino, CA) with a graphite monochromator and Cu Kα radiation. The sample
microstructure and particle distribution were characterized by using a Hitachi S-4700
field-emission scanning electron microscope (FE-SEM, Hitachi Ltd., Tokyo, Japan).

The permittivity and permeability of the Fe2O3 sample were measured by the cavity
perturbation technique.65 As for the permittivity test, Fe2O3 powders were first
uniaxially pressed at ~ 207 MPa in a die lined with tungsten carbide to form pellets with
a diameter of ~3.62 mm having a total stacked length (height) of 12.97 mm. The bulk
density (room temperature) of the sample was 2.79 g cm-3. During the measurements,
the sample was step-heated in the conventional resistance furnace to the designated
temperatures in 0.01 L min-1 flowing argon. The permittivity measurements started at
room temperature (24 ºC) and heated in 50 ºC steps to ~1100 ºC. In the permeability
measurements, the same punch/die unit was used to form pellets with a diameter of
about 3.62 mm and total length of 13.38 mm. The bulk density of pellets (room
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temperature) was 2.80 g cm-3. The measurements were performed in the same argon,
starting at room temperature, then in 50 ºC steps to ~1000 ºC.

It is widely known that microwaves are electromagnetic radiation having a broad
frequency range of 0.3 to 300 GHz. However, to avoid interference with
communication networks, all microwave heaters (domestic or scientific) are designed to
work at either 915 or 2450 MHz. Due to this reason, this study focuses on the
characterizations of the permittivity and permeability at these two frequencies.

Figure 5.1 shows the XRD pattern of hematite (ferric oxide, Fe2O3). It is found that all
of the marked peaks belong to the α phase, indicating the sample having rhombohedral
structure. The morphology of Fe2O3 was characterized using FE-SEM, as presented in
Fig. 5.2. It shows that the sample powders are spherical in shape and have particle sizes
between 0.05 and 0.2 μm.

Figure 5.3 illustrates the temperature dependences of real part (εr') and imaginary part
(εr") of complex relative permittivity of Fe2O3 at 915 and 2450 MHz. It is seen that εr'
and εr" slightly increase with temperature up to 450 °C. The examination and
calibration of experimental data demonstrate that the dried Fe2O3 has the εr" values of
about 0.014 and 0.012 at 24 °C for 915 and 2450 MHz, respectively. It suggests that
Fe2O3 possesses a very low dielectric loss at room temperature.
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Fig. 5.1. XRD pattern of Fe2O3.

Fig. 5.2. Field emission-scanning electron microscope (FE-SEM) image of Fe2O3 particles.
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Fig. 5.3. Temperature dependence of complex relative permeability (εr' and εr") of Fe2O3.

Inspection of Fig. 5.3 shows that ε'' and εr" vary similarly below 450 °C. As
temperature increases, however, they begin to show different variation behaviors. The
εr' value rapidly increases with temperature beyond 450 °C while the εr" values show a
broad dielectric loss peak between 450 and 1000 °C. This is known as a typical
relaxation/interfacial polarization phenomena behavior, usually indicating a change in
the material associated with the loss of an insulating barrier between particles, or the
presence of a transient species during a phase change.139,140 Such observation is
associated with microstructure change due to sintering occurred at high temperatures,
which can be demonstrated by the sample bulk density variation during the
measurement, as depicted in Fig. 5.4.
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Fig. 5.4. Variation of bulk density of the sample pellet with temperature during the
measurement.

Figure 5.4 shows that the sample bulk density (ρ) remains constant until 800 °C and
then increases proportionally with temperature. This suggests that sintering starts at 800
°C and becomes more evident at higher temperatures. Sintering makes the sample
particles adhere together, resulting in a strong surface densification with the possibility
of grain growth during extended heating time. The increase in the average grain size, as
shown in Fig. 5.5, may hinder the diffusion of iron and oxygen ions, decreasing
dielectric polarization.140 This effect is found to be more obvious above 1000 °C.
However, it should be emphasized that the measured dielectric loss of materials
comprises of dipole/ion contribution ( ε r ,d ) and conductivity (σ) contribution, as given
"

by the following equation:143
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=
ε r" ε r",d +

σ
.
2π f ε 0

(5.1)

Thus, one can expect that a possible increase in electrical conductivity due to thermal
activation at high temperatures may overwhelm the adverse effect of sintering, leading
to a high dielectric loss. This possibility can be confirmed by the fact that electrical
conductivity of Fe2O3 increases with temperature, as expressed by the following
formula:144

=
σ 2.7 × 105 e(

−0.96/ k BT )

,

(5.2)

where σ is the electrical conductivity, kB is the Boltzmann constant, and T is the
temperature (Kelvin).

Fig. 5.5. FE-SEM image of the sintered sample pellet.

Figure 5.6 presents the permeability change in the temperature range between 24 and
1000 °C. It reveals that both the real part (μr') and imaginary part (μr") of complex
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relative permeability keep relatively constant below 700 °C. Their values vary around 1
and 0, respectively. It is also observed that there are small variations of permeability (±
0.05) in the temperature range, resulting from the statistical error in the measurements.
These results are consistent with the fact that Fe2O3 becomes weakly ferromagnetic
above the Morin transition at -13 °C and below its Néel temperature at 675 °C.145,146
Continuous heating to higher temperatures gives rise to different variation behaviors of
μr' and μr". The μr' value decreases with increasing temperature beyond 700 °C, which
can be attributed to the increased electrical conductivity. As discussed before, the
conductivity of Fe2O3 increases with temperature, making the sample more
“conductive”. According to Lenz’s law, a time-varying magnetic field (e.g., microwave)
induces large currents near the surface of a good conductor, producing a magnetic field
opposite to the external magnetic field, leading to zero magnetic field inside. This
means that a substance has an “effective magnetic susceptibility” of -1, and thus appears
to have a permeability value of μr' ≈ 0 when it exhibits high conductivity. Therefore, in
the present case, the μr' values of Fe2O3 show a decreasing tendency as temperature
increases. Contrary to μr', it is noticed that the μr" values stay negligible at temperatures
higher than 700 °C. This is because Fe2O3 exhibits paramagnetism above its Néel
temperature.145
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From above results, it can be inferred that Fe2O3 does not show noticeable magnetic
response at 915 and 2450 MHz below 1000 °C. The dielectric loss is the primary factor
contributing to the microwave absorption of Fe2O3 and the contribution of magnetic loss
to microwave heating of Fe2O3 can be ignored.

Fig. 5.6.Temperature dependence of complex relative permeability (μr' and μr") of Fe2O3.

5.1.2 Microwave Absorption Capability of Hematite

As aforementioned, microwave energy loss in materials relies on the permittivity and
permeability. This suggests that a reasonable evaluation of microwave absorption
capability of Fe2O3 has to take the combined effect of dielectric and magnetic
properties. According to the previous studies, a quick evaluation of microwave
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absorption properties of materials can be achieved by determining the microwave
penetration depth (Dp).65 The equation for Dp calculation is given by eq. (3.22).

Considering the negligible microwave magnetic loss of Fe2O3 (μr' ≈ 1 and μr" ≈ 0) in the
tested temperature range, the calculation of Dp is determined by the variation of
permittivity. Figure 5.7 shows the variation of Dp with temperature. It is seen that
Fe2O3 has large microwave penetration depths (10.05 and 4.36 m at 915 and 2450 MHz,
respectively) at room temperature, indicating a very slow microwave dissipation inside
the oxide. This is due to the small permittivity and permeability of Fe2O3 at low
temperatures. As temperature increases, the Dp value decreases rapidly mainly because
of a significant increase in permittivity. Since the relative permittivity is much larger
than the relative permeability at high temperatures, the permittivity dominates the
variation of microwave penetration depth. Figure 5.6 indicates Dp having values less
than 0.045 m at both frequencies beyond 600 °C. This shows that ferric oxide undergoes
a transition from a microwave transparent material to a good microwave absorber with
increasing temperature.
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Fig. 5.7. Calculated microwave penetration depth of Fe2O3 as a function of temperature.

5.1.3 Microwave Loss of Hematite

As mentioned in Chapter 4, both dielectric and magnetic losses contribute to microwave
heating. Because hematite is one of main materials for ironmaking, we also examine its
dielectric loss and magnetic loss in a broad temperature range. To demonstrate the
temperature effect, the calculations of microwave losses at various temperatures (2450
MHz, 1.2 kW) were performed. The results are shown in Figs. 5.8 and 5.9.
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Fig. 5.8. Dielectric loss distributions for microwave heating of the 0.05-m-thick hematite
slabs.

A comparison between dielectric loss and magnetic loss indicates that the dielectric loss
of hematite is much larger than the magnetic loss of hematite. This trend becomes more
apparent as temperature increases. Therefore, it can be concluded that microwave
heating of hematite is mainly attributed to the dielectric loss of hematite.
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Fig. 5.9. Magnetic loss distributions for microwave heating of the 0.05-m-thick hematite
slabs.

5.2 Magnetite Concentrate

5.2.1 Permittivity and Permeability of Magnetite Concentrate

A typical ferromagnetic material, magnetite concentrate, obtained from the Tilden Mine
in Michigan, was used to demonstrate the temperature and frequency dependences of
dielectric and magnetic properties (permittivity and permeability, respectively). The
phase compositions were determined using a Scintag XDS2000 powder x-ray
diffractometer (Scintag Inc., Cupertino, CA) with a graphite monochromator and Cu Kα
radiation and the X-ray diffraction pattern is shown in Fig. 5.10. The analysis shows
that the sample contains 3 phases, mainly magnetite (Fe3O4, JCPDS card: 79-0419) with
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a small amount of quartz (SiO2, JCPDS card: 88-2302) and siderite (FeCO3, JCPDS
card: 29-0696).

Fig. 5.10. X-ray diffraction pattern of magnetite concentrate.

In the permittivity measurement, magnetite concentrate powders with particle sizes less
than 0.075 mm were uniaxially pressed at about 172 MPa in a die lined with tungsten
carbide to form 3 pellets with a diameter of about 3.63 mm and a total, stacked length
(height) of 13.75 mm. The bulk density (room temperature) of the pellets was 2.77 g
cm-3. During the measurements, the pellets were step-heated in a resistance furnace to
the designated temperatures in 0.01 L min-1 flowing argon. The present permittivity
measurements were done from room temperature (24 ºC) in ~50 °C steps to 1030 ºC,
and then cooled down.
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The XRD after the measurement confirmed that no main phase changed during the
heating. In the permeability experiment, the same punch/die unit was used to form
pellets with a diameter of about 3.65 mm and length of 14.6 mm. The bulk density of
pellets (room temperature) was 2.84 g cm-3. The permeability measurements started at
room temperature (24 ºC) and used ~50 °C steps to 850 ºC. The argon gas flow was the
same as that for permittivity test.

The measured values of the real and imaginary parts of complex relative permittivity
and permeability of magnetite concentrate are shown in Figs. 5.11 and 5.12,
respectively. In order to characterize the temperature dependences of the permittivity
and permeability of magnetite, the curves in Figs. 5.11 and 5.12 were fitted to a
polynomial equation of high degree (6), given as

f (T ) =+
a bT + cT 2 + dT 3 + eT 4 + fT 5 + gT 6 ,

(5.3)

where f (T) represents the temperature (T, ºC) dependent permittivity (εr′ and εr″) or
permeability (μr′ and μr″), and the coefficients, a, b, c, d, e, f, and g, are constants. The
variations of permittivity and permeability with temperature were characterized through
the determination of the function. The fitted parameters are listed in Table 5.1.
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Fig. 5.11. Temperature dependence of complex relative permittivity of magnetite
concentrate.

Fig. 5.12. Temperature dependence of complex relative permeability of magnetite
concentrate.
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Table 5.1
Values of constants in the polynomial function (for εr and µr) represented by eq. (5.3).
f (T)

a

b

c/×10-4

d/×10-7

e/×10-9

f/×10-12

g/×10-16

R2

εr′ (915MHz)

3.762

0.382

-40.60

169.204

-31.68

27.479

-89.10

0.978

εr′ (2450MHz)

12.482

0.005

-1.838

10.562

-2.016

1.998

-7.651

0.985

εr″(915MHz)

-1.086

0.085

-8.021

27.600

-3.966

3.343

-12.82

0.995

εr″(2450MHz)

-3.307

0.187

-19.90

84.768

-16.55

15.358

-53.56

0.994

μr′(915MHz)

1.504

0.0113

-1.229

5.758

-1.273

1.293

-4.887

0.890

μr′(2450MHz)

1.461

0.00234

-0.225

1.139

-0.312

0.390

-1.751

0.828

μr″(915MHz)

0.0094

0.0114

-1.289

5.920

-1.238

1.185

-4.230

0.467

μr″(2450MHz)

0.0478

0.0109

-1.191

5.559

-1.215

1.231

-4.681

0.473

The experimental data of relative permittivity and permeability were used to calculate
the power penetration depths as a function of temperature at 915 and 2450 MHz (Fig.
5.13). Below 600 ºC, the penetration depths determined by eq. (3.22) are much smaller
than those calculated by eq. (1.5) as expected when the magnetic losses are included.
Above 600 ºC, the difference between penetration depths determined by the two
equations becomes negligible, reflecting the fact that the magnetic absorption is very
small (in principle, zero) above the Curie point of magnetite (585 ºC).147 For example,
at 780 ºC and 915 MHz, the penetration depths determined by eqs. (1.5) and (3.22) are
0.00505 and 0.00491 m, respectively. This shows that the permeability should be
considered in the determination of penetration depth of magnetic dielectrics, especially
at temperatures below the dielectric’s Curie point.
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It is useful to characterize the penetration depth with increasing temperature by curvefitting the values calculated by eq. (3.22). The temperature (T, ºC) dependent
penetration depth (Dp, meters) can be expressed in the same function represented by eq.
(5.3). Table 5.2 lists the values of constants yielding the polynomial function of
penetration depth in meters.

Table 5.2
Values of constants in the polynomial function (for Dp) represented by eq. (5.3).

Dp

a

b/×10-5

c/×10-7

d/×10-9

e/×10-11

f/×10-14

g/×10-18

R2

915MHz

0.0471

-0.453

4.184

-4.845

1.298

-1.366

5.099

0.921

2450MHz

0.0161

-1.863

2.182

-1.603

0.395

-0.405

1.502

0.901

5.2.2 Microwave Absorption Capability of Magnetite Concentrate

As can be seen from Fig. 5.13, the optimum dimension for uniform heat deposition in a
sample being irradiated from both sides in a 2450 MHz microwave field is about 0.03 m
(approximately two power penetration depths). The deposited microwave energy can be
relatively uniformly distributed by double-sided irradiation in this dimension, and rapid
relatively uniform temperature increases can be achieved. This is important since, with
a larger sample, there will be obvious temperature gradients. In a smaller sample, a
central hot spot may be produced by surface cooling. The accurate determination of
penetration depth helps to optimize the load size in the microwave applicator.
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Fig. 5.13. Temperature dependence of microwave penetration depth of magnetite
concentrate.

5.2.3 Microwave Loss of Magnetite Concentrate

Due to the strong magnetism of magnetite, it is expected that the magnetic loss of
magnetite concentrate plays an important role in microwave heating. For this reason, a
comparison between dielectric loss and magnetic loss of magnetite concentrate (2450
MHz, 1.2 kW) were performed. The results are shown in Figs. 5.14 and 5.15. It is
obvious that magnetic loss contributes more than dielectric loss to microwave heating of
magnetite concentrate at low temperatures (e.g., 24 °C). However, as temperature goes
up to the Curie point of magnetite, magnetic loss decreases significantly. Temperature
increase in the sample is mainly ascribed to microwave dielectric loss beyond 600 °C.
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Fig. 5.14. Dielectric loss distributions for microwave heating of the 0.05-m-thick magnetite
concentrate slabs.

Fig. 5.15. Magnetic loss distributions for microwave heating of the 0.05-m-thick magnetite
concentrate slabs.
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5.3 Wüstite

5.3.1 Permittivity and Permeability of Wüstite

Wüstite (nonstoichiometric ferrous oxide) powder samples (99% purity; they were
fabricated starting with a higher iron oxide, then reducing the oxide by introducing iron
metal) were purchased from Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO). The
particle sizes, microstructure, and distribution of the oxides were characterized by a
Hitachi S-4700 field-emission scanning electron microscope (FE-SEM, Hitachi Ltd.,
Tokyo, Japan).

Room temperature X-ray diffraction (RT-XRD) pattern for the sample was obtained
using a conventional Scintag XDS2000 powder X-ray diffractometer (Scintag Inc.,
Cupertino, CA) with a graphite monochromator and Cu Kα radiation. The specific
molecular formula of the oxide was determined by calculating the corresponding lattice
parameter from the RT-XRD pattern and comparing it with the JCPDS card.

The phase transformation of the sample during the heating was identified by high
temperature X-ray diffraction (HT-XRD). The measurements were conducted in
vacuum at room temperature (RT), 100 °C, 200 °C, 300 °C, 400 °C , 500 °C, 550 °C,
600 °C, 650 °C, 700 °C, 1000 °C, and 1100 °C using a PANalytical X’Pert PRO X-ray
diffractometer (PANalytical B.V., Almelo, The Netherlands) with Cu Kα radiation.
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The permittivity and permeability of the sample were measured by the cavity
perturbation technique. In the permittivity test, ferrous oxide powders passing the 0.1
mm screen were uniaxially pressed at about 172 MPa in a die lined with tungsten
carbide to form 3 pellets with a diameter of about 4.03 mm and a total, stacked length
(height) of 11.7 mm. The bulk density (room temperature) of the sample was 2.43 g cm3

. During the measurements, the sample was step-heated in the conventional (resistance)

furnace to the designated temperatures in 0.01 L min-1 flowing argon. The permittivity
measurements started at room temperature (~21 ºC) and heated in 50 ºC steps to ~1100
ºC. In the permeability measurements, the same punch/die unit was used to form pellets
with a diameter of about 4.03 mm and length of 12.6 mm. The bulk density of pellets
(room temperature) was 2.59 g cm-3. The measurements were done in the same argon,
starting at room temperature, then in 25 ºC steps to 550 ºC.

The molecular formula of nonstoichiometric ferrous oxide was determined through the
RT-XRD pattern (Fig. 5.16), from which the lattice parameter was calculated. The
ferrous oxide is identified as Fe0.925O (JCPDS card: 89-0686) with the lattice parameter
of 4.036 Å using DMSNT (Scintag Inc., Cupertino, CA).
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Fig. 5.16. RT-XRD pattern of the sample: w-Fe0.925O.

Figure 5.17 presents the measured temperature dependence of permittivity involving the
relative dielectric constant and the relative dielectric loss factor (εr′ and εr″,
respectively) of Fe0.925O. The permittivity increases slightly along with temperature up
to 200 ºC, which is possibly associated with promotion of ionic diffusion with
increasing temperature.140 The FE-SEM image (Fig. 5.18) shows most particles of the
sample are distributed in the size range of 0.5 to 1.0 µm, and accumulate together and
form interstices between them.
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Fig. 5.17. Variation of complex relative permittivity of the sample as a function of
temperature.

Fig. 5.18. FE-SEM image of Fe0.925O particles in 0.5-1.0 μm size accumulating together and
forming interstices between them.
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Note that εr′ increases dramatically between 200 and 400 ºC, while εr″ exhibits a
dielectric loss peak in the range of 200 to 550 ºC. This is a typical relaxation/interfacial
polarization phenomena behavior, usually indicating a change in the material associated
with the loss of an insulating barrier between particles, or the presence of a transient
species during a phase change. In this case, it is expected to be mainly associated with
the phase transformation resulting from the thermal decomposition of Fe0.925O, which is
clearly proved by the HT-XRD patterns shown in Fig. 5.19. As revealed by the patterns,
at temperatures below 200 ºC, no phase change occurs. However, in the temperature
range of ~300 to 550 ºC, the peaks of magnetite and iron are observed, demonstrating
the emergence of thermal decomposition of Fe0.925O. Thus, the phase change probably
contributes to the dramatic change in permittivity between 200 and 550 ºC. This
observation is in agreement with previous research, which shows the ferrous oxide is
thermodynamically unstable below 575 °C, dissociating to metal and Fe3O4.148150

According to this investigation, the reaction can be expressed as follows:

4Fe0.925O → 0.7Fe + Fe3O4 .

(5.4)

As temperature continues to increase, the regernation of the ferrous oxide occurs:

0.7Fe + Fe3O4 → 4Fe0.925O.

(5.5)

As displayed in Fig. 5.19, the HT-XRD patterns of the sample exactly confirm these
reactions. The peaks of the magnetite and iron disappear at 600 ºC. At even higher
temperatures up to 1100 ºC, Fe0.925O becomes quite stable. The relative dielectric
constant continues to increase in this stage with a much slower rate. The relative
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dielectric loss factor remains almost stable between 600 and 800 ºC, and then decreases
a little up to 1100 ºC. This may be associated with the “sintering effect” occurred during
the heating process, as revealed by the FE-SEM microstructure image (Fig. 5.20) of the
heated product after the dielectric measurement. In fact, the sintering occurring at
temperatures above 1000 ºC makes the particles adhere to each other. During this
process densification and grain growth were observed and the decrease in the porosity
of the sample and the increase in the average grain size were noticed, which hinders the
diffusions of iron and oxygen ions,151 possibly influencing the microwave absorption
capability in this temperature range.

Fig. 5.19. HT-XRD patterns of the sample at various temperatures: w―Fe0.925O,
m―Fe3O4, and I―Fe.
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Figure 5.21 describes the variation of complex relative permeability of the sample as a
function of temperature. At the temperature below ~200 ºC, the relative magnetic
constant and magnetic loss factor (μr′ and μr″, respectively) are around 1 and 0,
respectively. It indicates the nonstoichiometric ferrous oxide exhibits little magnetism,
which is in agreement with the paramagnetism it exhibits at room temperature. As the
temperature increases, the magnetic loss gradually grows likely due to the formation of
iron and magnetite from the thermal decomposition of the ferrous oxide, as discussed
above. The metal Fe (ferromagnetic) and Fe3O4 (ferromagnetic) formed due to the
decomposition are expected to contribute to the substantial increase in relative magnetic
loss factor. But this trend changes at a temperature of around 550 °C, which is probably
related both to the “Curie point” effect where Fe3O4 loses magnetism, and to the
regeneration of Fe0.925O.150 Thus, the thermal decomposition of Fe0.925O hinders the
determination of the dielectric and magnetic properties of “true” Fe0.925O from ~200 to
~550 °C. At the temperature higher than 550 °C, however, this “disturbance” can be
excluded due to the regeneration of nonstoichiometric ferrous oxide. It also implies a
low magnetic loss of the ferrous oxide could be estimated at even higher temperatures
(> 550 °C) although the experiment did not continue the permeability measurement in
this range. Moreover, it should be mentioned that the relative magnetic constant
decreases during the decomposition process (above 200 °C). This is because the
magnetic response of materials depends on the saturation magnetization, which
decreases with increasing temperature.152 The conversion to magnetite does turn on a
ferromagnetic response, but it decreases with increasing temperature eventually.
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Fig. 5.20. FE-SEM image of Fe0.925O after the dielectric measurement.

Fig. 5.21. Variation of complex relative permeability of the sample as a function of
temperature.
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5.3.2 Microwave Absorption Capability of Wüstite

As demonstrated before, the characterization of the microwave propagation behavior of
materials should use both the permittivity and permeability to determine the microwave
attenuation. Figure 5.22 reveals little difference between the penetration depths
calculated by using eqs. (1.5) and (3.22) at low temperatures (20‒200 °C). In the low
temperature range, the tiny magnetic loss factor of Fe0.925O presents little effect on the
penetration depth, while the increase in permittivity (actually, the dielectric loss factor,
εr″) results in a rapid decrease in penetration depth along with temperature. The small
penetration depth (less than 0.03 m for both frequencies at 200 °C) also implies Fe0.925O
exhibits strong microwave absorption capability at a relatively low temperature. At
temperatures between 200 and 550 °C, the phase change due to thermal decomposition
of Fe0.925O influences the determination of penetration depth of Fe0.925O, but it still can
be expected that the permittivity dominates the microwave absorption of the sample
because of much higher complex relative permittivity than the complex relative
permeability. This can be further proved by the microwave penetration depth of the
sample at the high temperatures (> 550 °C), as shown in Fig. 5.23. In this temperature
range, it is reasonable to neglect the influence of permeability since the relative
permittivity is so high, and the strength of paramagnetism decreases with temperature. It
is found that the penetration depth remains almost constant (~0.11 and ~0.015 m at 915
and 2450 MHz, respectively) in this range, indicating the quite stable phase composition
(actually, pure Fe0.925O) in the measurement, which is in agreement with the HT-XRD
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pattern of the product after the heating. Note that the penetration depth at 915 MHz is
relatively longer than that at 2450 MHz mainly due to the apparent difference between
the microwave wavelengths (λ0) at these frequencies rather than the frequency
dependencies of permittivity and permeability. At both frequencies, the permittivity and
permeability show the similar variation trends and close values with increasing
temperature. The shallow microwave penetration depths indicate the nonstoichiometric
ferrous oxide presents useful microwave absorption capability at high temperatures
(550‒1100 °C).

Fig. 5.22. Microwave penetration depth of Fe0.925O in the temperature range of 20 to 200
°C.
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Fig. 5.23. Microwave penetration depth of Fe0.925O at temperatures between 550 and 1100
°C.

5.3.3 Microwave Loss of Wüstite

In the ironmaking process, wüstite begins to form at temperature around 600 °C.
Although it decomposes to magnetite and iron at lower temperatures, this thermal
behavior does not influence the microwave absorption of wüstite in ironmaking. Thus,
only dielectric loss (2450 MHz, 1.2 kW) is considered here, as shown in Fig. 5.24. It is
found that dielectric loss of wüstite remains relatively stable above 600 °C.
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Fig. 5.24. Dielectric loss distributions for microwave heating of the 0.05-m-thick wüstite
slabs.

5.3.4 Kinetics of Wüstite Decomposition

Nonstoichiometric ferrous oxide (wüstite) is basically an intermediate phase in the
ironmaking process.153-155 It is also considered as an important transitional material and
precursor for various magnetic ceramic/metal nanocompostites or nanocrystals with
high values of coercivity for the application as recording media.156-158 The substance has
been attracting the attention of scientists over a long period.156,159-161 Its thermal
behavior was investigated by several researchers and a phase transformation due to
thermal decomposition of ferrous oxide in a specific temperature range during the
heating process was observed.140,148,149 Although it has been found that ferrous oxide
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dissociates to magnetite and iron at temperatures lower than 848 K, the decomposition
reaction mechanism remains unclear.140

The decomposition kinetics has not been well studied mainly due to the product
characteristics. Most of investigations on the decomposition kinetics of materials
including carbonates,162-166 selenites,167 permanganates168 and metal oxalates169-171 are
based on the corresponding thermogravimetric measurements. In those studies one
product of the decomposition reactions is gas or vapor, leading to the weight loss during
the measurements where the decomposition degree (reaction fraction) of reactants can
be easily determined. Because the products formed in the decomposition of ferrous
oxide are solids, the conventional kinetic analysis relying on the weight change via
thermogravimetry (TG) during heating does not work.

In this study, in situ high temperature X-ray diffraction (HT-XRD) was proposed to
determine the decomposition degree of ferrous oxide. Then a kinetic function
representing the decomposition reaction mechanism of ferrous oxide was determined
using the Coats-Redfern method.

The phase transformation of the sample during heating was identified by high
temperature X-ray diffraction (HT-XRD), as discussed before. The HT-XRD pattern at
each specified temperature was rapidly produced (< 5 minutes) and collected. The
phases presented in the patterns were identified and the decomposition degrees of
76

ferrous oxide at various temperatures were calculated through area integrations of the
phase peaks.

Theoretical Background

For a decomposition reaction A (solid) → B (solid) + C (solid), the decomposition rate
of A can be expressed using the decomposition or conversion degree (α) of A at given
time:
dα
= kf ( α ) ,  
dt

(5.6)

where t is the reaction time, k is the rate constant and f(α) is the conversion function
dependent on a specific reaction mechanism. The temperature dependence of the rate
constant is normally given by the Arrhenius equation:
 E 
k A* exp  − *a  ,
=
 RT

(5.7)

where A* is the frequency factor, Ea is the activation energy of the decomposition
reaction, R* is the gas constant (R* = 8.314 J mol-1 K-1) and T is the temperature. With
consideration of a constant heating rate β*, we have
dT
= β *.
dt

(5.8)

Substituting eqs. (5.7) and (5.8) into eq. (5.6) yields the following equation:
α

T

dα
A*
 E
=
∫0 f ( α ) β * T∫ exp  − R*Ta
0
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dT .  


(5.9)

Generally, the left-hand side of eq. (5.9) is denoted with
α

g (α) = ∫
0

dα
.
f (α)

(5.10)

The integral in the right-hand side of eq. (5.9) does not have an exact analytical
solution. Because the value of the integral between 0 and T0 is negligible,172 the
following approximation can be made:
A*

T

 E
exp  − *a
* ∫
β T0
 RT

T

A*

 Ea
dT
  exp
≈

− *
* ∫
β 0

 RT


dT .


(5.11)

Further approximation of the right-hand side of eq. (5.11) by applying Cauchy’s rule
leads to
T

A*
A* R*T 2    2 R*T 
 Ea 
 Ea 
exp
dT
−
≈
1 −
 exp  − *  .
 * 
* ∫
*
Ea 
β 0
β Ea 
 RT
 RT

(5.12)

The following expression can then be obtained:

 g (α) 
A* R*  2 R*T  Ea
ln  2 =
 ln β * E  1 − E  − R*T .
a 
a 
 T 

(5.13)

Since 2R*T/Ea<<1, eq. (5.13) can be simplified as the equation showing the CoatsRedfern relation:173,174

 g (α) 
A* R* Ea
− * .
ln =
ln
2 
*
β
T
E
RT
a



(5.14)

Thus, a plot of ln[g(α)/T2] against 1/T gives the best linear fit representing the most

probable decomposition mechanism of the material. The activation energy (Ea) and

frequency factor (A*) can be derived from the slope and intercept of the straight line,
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respectively. As shown in eq. (5.10), the kinetic function of g(α) is related to the
algebraic expression of function f(α). The general formula of f(α) is given as175,176
p

f ( α ) = α m (1 − α )  −ln (1 − α )  ,
n

(5.15)

where m, n and p are the empirical exponent factors and one of them is always zero.
The function g(α) is obtained through the integration of corresponding expressions of
f(α), depending on different reaction mechanisms. The most commonly used f(α) and
g(α) corresponding to different kinetic models of the decomposition reaction are
summarized in Table 5.3.172,177-179

To further understand the decomposition mechanism, other kinetic parameters need to
be determined, including enthalpy of activation ∆H≠, entropy of activation ∆S≠, and
Gibbs free energy at the temperature of the maximum rate of decomposition ∆Gm≠.
They can be calculated using the Eyring-Polanyi equation:180

k
=

 ∆S ≠ 
 ∆H ≠ 
k BT
exp
exp
 R* 
 − R*T  ,
h*





(5.16)

where kB is the Boltzmann constant (kB = 1.3806503 × 10-23 m2 kg s-2 K-1) and h* is the
Planck’s constant (h = 6.6261 × 10-34 J s). A linear form of the Eyring-Polanyi equation
is given as
ln

k
k
∆H ≠ 1
∆S ≠
=
− *
+ ln B* + * .
T
R T
h
R

(5.17)

The plot of ln(k/T) versus 1/T gives a straight line with a slop of -∆H≠/R, from which the
enthalpy of activation ∆H≠ can be derived, and an intercept of ln(kB/h*)+∆S≠/R, from
which the entropy of activation ∆S≠ can be calculated. The Gibbs free energy at the
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temperature when decomposition is at its maximum reaction rate can be determined by
using the following equation:

∆Gm ≠ =
∆H ≠ − Tm ∆S ≠ ,

(5.18)

where Tm is the temperature at which the maximum reaction rate occurs.

Table 5.3
Algebraic expressions of f(α) and g(α) for various kinetic models.

Symbol
F0
F1/2
F2/3
F1
F3/2
F2
A1
A3/2
A2
A3
R1

f(α)
1
(1-α)1/2
(1-α)2/3
(1-α)
(1-α)3/2
(1-α)2
(1-α)
(1-α)[-ln(1-α)]1/3
(1-α)[-ln(1-α)]1/2
(1-α)[-ln(1-α)]2/3
(1-a)0

g(α)
α
2[1-(1-α)1/2]
3[1-(1-α)1/3]
-ln(1-α)
2[1-α)-1/2-1]
α/(1-α)
-ln(1-α)
(3/2)[-ln(1-α)]2/3
2[-ln(1-α)]1/2
3[-ln(1-α)]1/3
α

R2

(1-a)1/2

2[1-(1-α)1/2]

R3

(1-α)2/3

3[1-(1-α)1/3]

D1

1/α

α2/2

D2

1/-ln(1-α)

(1-α)ln(1-α)+α

D3

(1-α)2/3/1-(1-α)1/3

3/2[1-(1-α)1/3]2

D4

(1-α)1/3/1-(1-α)1/3

3/2[1-2α/3-(1-α)2/3]

D5

(1-α)5/3/1-(1-α)1/3

3/2[(1-α)-1/3-1]2

D6

(1+α)2/3/(1+α)1/3-1

3/2[(1+α)1/3-1]2

Kinetic models
Zero-order kinetics
One-half order kinetics
Two-thirds order kinetics
First-order kinetics
Three-halves order kinetics
Second-order kinetics
Random nucleation
Avrami-Erofeev equation (n = 1.5)
Avrami-Erofeev equation (n = 2)
Avrami-Erofeev equation (n = 3)
One-dimensional advance of the
reaction interface
Two-dimensional advance of the
reaction interface
Three-dimensional advance of the
reaction interface
One dimensional diffusion or
parabolic law (α = Kt1/2)
Two dimensional diffusion (HoltCutler-Wadsworth equation)
Three dimensional diffusion (Jander
equation)
Three dimensional diffusion
(Ginstling-Brounshtein equation)
Zhuravlev-Lesokhin-Tempelman
equation
Komatsu-Uemura equation (antiJander equation)

To study decomposition kinetics of Fe0.925O, the variation of the decomposition degree
with temperature needs to be determined. As demonstrated by the HT-XRD patterns,
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phase change instead of weight loss is observed during the thermal decomposition of
the nonstoichiometric ferrous oxide. Decomposition degree derived from traditional TG
curves cannot be used and area integrations of peaks for the phases observed in HTXRD patterns may provide a good approximation for the decomposition degree at each
temperature. The decomposition degree can be calculated using the following equation:

α=

ST
,
ST0

(5.19)

where ST is the area of ferrous oxide peaks at given temperature and ST0 is the area of
the ferrous oxide peaks at room temperature (294 K). The areas of the peaks were
calculated precisely through the function of integration using OriginPro 8.1.

The variation of decomposition degree in the entire temperature range is shown in Fig.
5.25. As shown in this figure, there is only small decomposition when temperature is
below 573 K. This result agrees well with the observation from the HT-XRD patterns.
In the temperature range of 573‒773 K, the decomposition degree increases rapidly
with temperature. This is confirmed by the apparent weaker nonstoichimetric ferrous
oxide peaks in the patterns. At temperatures higher than 823 K, the degree drops down
dramatically corresponding to the absence of peaks of the magnetite and iron. This is, as
aforementioned, because of the regeneration of the nonstoichiometric ferrous oxide.
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Fig. 5.25. Variation of decomposition degree of Fe0.925O with temperature.

For the analysis of kinetics of the decomposition reaction, a reasonable kinetic model
needs to be determined. This is dependent on the selection of the algebraic expressions
of f(α) and g(α), from which the reaction mechanism can be estimated. The algebraic
expressions of the function g(α) listed in Table 5.3 were substituted into eq.(5.14) with
the temperatures of the decomposition stage to find the function which would produce
the highest correlation coefficient of linear regression R2. It is found that the
experimental data best delineate a straight line by using the Komatsu-Uemura (antiJander) equation based on a diffusion-controlled mechanism (D6), as shown in Fig.
5.26. The activation energy and frequency factor were derived from the straight line and
other kinetic parameters discussed above were subsequently calculated. The values are
listed in Table 5.4.
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Fig. 5.26. Coats-Redfern plot for the decomposition of Fe0.925O using the Komatsu-Uemura
equation (D6).

Compound
Fe0.925O

Table 5.4
Calculated kinetic parameters of the decomposition of Fe0.925O.
Ea/kJ mol-1
32.860

A*/min-1
0.0594

∆H≠/kJ mol-1
28.537

-∆S≠/J mol-1 K-1
315.651

≠
∆𝐺𝑚
/kJ mol-1
261.535

It is widely accepted that the reactions proceed under diffusion control with activation
energy lower than 100 kJ mol-1, whereas at higher values they proceed under kinetic
control.181 As shown in Table 5.4, the decomposition of Fe0.925O occurs under diffusion
control with activation energy of 32.860 kJ mol-1. This indicates that the molecules
masses of the reactant and product truly influence the decomposition mechanism.
During the decomposition process, the ferrous oxide surface is covered with the
incipiently formed magnetite and iron. The diffusion and migration of the formed
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magnetite and iron away from the reactant-product interface control the decomposition
rate. Additionally, it can be inferred that the interface between the reactant and product
is somewhat steady and the mass transfer through the oxide layer takes place steadily
during the decomposition process from the diffusion-controlled model.182 The migration
rate of Fe3O4 formed away from the reactant-product interface is relatively slow due to
its higher molecular mass and thus strongly affects the reaction kinetics.

In summary, the decomposition kinetics of ferrous oxide was studied under nonisothermal conditions by using HT-XRD. The activation energy and frequency factor of
the decomposition reaction were calculated using the Coats-Redfern method and
enthalpy of activation ∆H≠, entropy of activation ∆S≠, and Gibbs free energy at the
temperature of the maximum rate of decomposition ∆Gm≠ were determined by the
Eyring-Polanyi equation. It is observed that the decomposition reaction of the
nonstoichiometric ferrous oxide follows a Komatsu-Uemura model-based diffusion
mechanism.

5.4 Coal

5.4.1 Permittivity of Coal

The sample was an eastern high volatile bituminous coal from West Virginia after
drying at 105 °C for 15 hours in an oven. The proximate analysis (dry basis) shows the
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coal has 9.89% ash, 30.25% volatile, 59.86% fixed carbon and 1.03% sulfur. In the
permittivity test, coal powders with particle size less than 150 μm were uniaxially
pressed at about 227 MPa in a die lined with tungsten carbide to form 3 pellets with a
diameter of about 3.72 mm and a total, stacked length (height) of 13.08 mm. The bulk
density (room temperature) of the sample was 1.11 g cm-3.

The cavity perturbation technique was used to determine the dielectric parameters
(complex permittivity, ie., relative dielectric constant and loss factor), at 915 and 2450
MHz, the two frequencies available for industrial and domestic applications. During the
measurements, the sample was step-heated in the conventional (resistance) furnace to
the designated temperatures, starting at 24 ºC and heating in 50 ºC steps (ramp rate: 5 ºC
min-1) to ~900 ºC, all done in 0.01 L min-1 flowing UHP argon.

IR spectra (4000‒650 cm-1) of the coal were detected by using a Jasco Fourier
Transformed Infrared (FTIR) system, which consists of a FT/IR-4200 spectrometer and
an IRT-3000 FTIR microscope.

The phase compositions of the coal during pyrolysis were determined using a Scintag
XDS2000 powder X-ray diffractometer (XRD) with a graphite monochromator and Cu
Kα radiation. The XRD patterns of the coal at different temperatures were recorded for
analysis.
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Under the assumption that the dielectric loss is mainly caused by free electron
conductivity, the final state dielectric loss factor was estimated at room temperature by
measuring the final direct current (DC) resistance of the sample pellets. The theoretical
relationship between the DC resistance and the dielectric loss factor is given by

εr " =

1
 π D2 
2 ⋅π ⋅ f ⋅ ε0 ⋅ R ⋅  ⋅

4 l 

,

(5.20)

where f is the microwave frequency, R is the resistance measured in the experiment, D
is the diameter of the coal pellet, and L is the length of the coal pellet. The DC
resistance value was used to calculate a theoretical dielectric loss factor which was then
compared with the measured dielectric loss factor as a test of the microwave loss
mechanism.

The penetration depth (Dp) is one of the parameters for determining the microwave
absorption capability of materials and can be defined as the distance from the surface
into the materials at which the traveling wave power drops to e-1 from its value at the
surface. From the relative dielectric constant and loss factor the penetration depth can
be calculated using eq. (1.5).

The temperature dependences of the dielectric parameters are shown in Fig. 5.27. It can
be separated into three distinct stages. Up to 500 °C (stage І), the dielectric constant
decreases slightly with increasing temperature. Then a substantial increase in dielectric
constant is found in the temperature range of 500‒750 °C (stage II) for both
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frequencies. In the last stage (stage III, Temperature >750 °C), the dielectric constant
remains high and relatively stable. The dielectric loss factor behaves similarly, the only
difference being the obvious dielectric loss “peak” in the temperature range of 500‒750
°C (stage II) shown in Fig. 5.27(c) and Fig. 5.27(d). This is a typical
relaxation/interfacial polarization phenomena behavior, usually indicating a change in
the material associated with the loss of an insulating barrier. It may also indicate there is
a main phase transformation in this temperature range.

Fig. 5.27. Temperature dependences of dielectric properties of the pressed coal pellets
under UHP argon, at 915 and 2450 MHz. Insets: magnification patterns as temperature
varies from 24 to 600 °C. The initial pellet density is 1.11 g cm-3 and the final density is
1.02 g cm-3. The mass loss is 43% of the initial mass (TGA).

87

To characterize this phenomenon, the weight change of the coal with temperature
during the dielectric measurement was also recorded in the experiment. It is found that
about 43% of the initial mass was lost in stage II, probably due to the loss of the volatile
in the coal, especially the organic radicals with high molecular mass. This can also be
further characterized by the FTIR spectra of coal shown in Fig. 5.28.

Fig. 5.28. FTIR spectra of the coal at 24 °C, 250 °C, 550 °C, 650 °C, 750 °C, and 850 °C.

In the FTIR spectra, a broad absorption band is observed at 3400‒3750 cm-1 in the raw
coal (24 °C) to be mainly due to O-H groups and a lesser amount of N-H.183,184 The
small peaks at 2917 cm-1 and 2856 cm-1 may be assigned to aliphatic and alicyclic CH3,
CH2 and CH group (mainly CH2 groups).183 Note that the intensity of the peak at 2917
cm-1 is greater than that at 2856 cm-1, indicating the presence of longer aliphatic chains
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in the coal. Also, a strong “abnormal” band at 2360 cm-1 in the coal was observed. This
is attributed to the atmospheric CO2 interference during the FTIR measurement. The
peak at 1699 cm-1 indicates the presence of carbonyl (C=O). The peak around 1600 cm-1
(also known as the typical “coal peak”) in the coal is observed due to aromatic C=C,
vinylic C=C and O-containing functional groups.184 Such oxygen-containing functional
groups include phenols, alcohols, ethers, carboxylic acid and carbonyls. However, it
seems unlikely to differentiate them or identify each oxygen-containing functional
group. The absorption peaks at 1005 cm-1 and 1032 cm-1 are caused by the Si-O-Si
stretching vibration. The band between 880 cm-1 and 750 cm-1 can be assigned to
polycyclic aromatic skeleton. The peak at 702 cm-1 observed in the coal is probably due
to aromatic –CH3.183

The FTIR spectra in Fig. 5.29 also show the peak variation with temperature. The loss
of the O-H group at relatively low temperature (e.g., 250 °C) is likely what produces the
small decreases in dielectric constant and loss factor, as illustrated in Fig. 5.27. The
peaks at 2917 cm-1 and 2856 cm-1 also disappear at this temperature indicating the
emission of a part of aliphatic CH2 groups. The apparent weight loss in stage II, as
stated above, can be assigned to the loss of carbonyl and the typical “coal peak”. This
broad peak remains until the temperature goes up to 750 °C, as indicated by Fig. 5.29.
In other words, C=O, aromatic C=C, vinylic C=C and O-containing functional groups
with high molecular mass are lost in stage II, which is in good agreement with the
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results in the literature, where carbon monoxide is found to be the main emission
component in the temperature range of 550–850 °C.185

The Si-O-Si stretching vibration is relatively stable with increasing temperature, which
also has been proved by the quartz (SiO2) peaks in the XRD patterns (See Fig. 5.30).
Besides, the polycyclic aromatic skeleton band between 880 cm-1 and 750 cm-1 and the
aromatic –CH3 band at 702 cm-1 are also remained even at 850 °C, indicating a
relatively stable aromatic carbon structure during pyrolysis.

Fig. 5.29. FTIR spectra of the coal at 250 °C, 650 °C, and 750 °C.

90

Fig. 5.30. XRD patterns of the coal showing the sharp peaks of quartz (SiO2, denoted by
“Q”).

Because the dielectric loss can be influenced by the conductivity, as indicated by eq.
(5.20), a comparison between the calculated and measured (after heating) values of
dielectric loss factor may provide further information on the microwave loss
mechanism. The DC resistance across the coal pellet after the dielectric measurement at
2450 MHz was ~30 Ω. If the microwave loss mechanism is conduction electrons (i.e.,
normal carbon resistor mechanism), then the value of dielectric loss factor at 2450
MHz, given by eq. (5.20), is εr″ = 32, very close to the measured value of dielectric loss
factor after heating (εr″ = 30). It suggests the microwave loss mechanism for pyrolyzed
coal is free electron conduction.
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5.4.2 Microwave Absorption Capability of Coal

It is probable that the devolatilization mainly due to the loss of carbonyl (C=O),
aromatic C=C, vinylic C=C and other O-containing functional groups in the coal during
pyrolysis leads to the increased conductivity, which produces a dramatic increase in the
dielectric loss of the coal in stage II. This also suggests good microwave absorption of
the coal can be expected when the temperature exceeds 500 °C. It can be further
confirmed by the calculated microwave penetration depths of the coal at 915 and 2450
MHz, as shown in Fig. 5.31. When the temperature goes beyond 500 °C the penetration
depth decreases rapidly. The shallow penetration depths above 750 °C at both
frequencies (approximately 0.008 and 0.003 m at 915 and 2450 MHz, respectively)
indicate the excellent microwave absorption capability of the coal at high temperatures.

Fig. 5.31. Variations of microwave penetration depth of the coal with temperature at 915
and 2450 MHz.
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5.4.3 Microwave Loss of Coal

In general, coal without moisture is a poor microwave absorber at room temperature.
The temperature increase of coal is benefited by its microwave dielectric loss. The
distribution of dielectric loss for microwave heating (2450 MHz, 1.2 kW) of the 0.05m-thick coal slabs is shown in Fig. 5.32. As can be seen from Fig. 5.32, the coal
presents strong microwave absorption at high temperatures when a large amount of
volatiles are lost.

Fig. 5.32. Dielectric loss distributions for microwave heating of the 0.05-m-thick
coal slabs.
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Chapter 6 Microwave Propagation Behaviors in Dielectric
Media §

6.1 FDTD Method

The governing differential equations for an electromagnetic field in a general, linear,
and isotropic dielectric can be written as187
ε'

∂E
= ∇× H − J,
∂t

(6.1)

µ'

∂H
= −∇ × E − M ,
∂t

(6.2)

where ε′, μ′, E, and H are the real part of complex permittivity, real part of complex
permeability, electric field strength, and magnetic field strength, respectively.

J is the electric current density and M is the magnetic current density. They can be
written as

J= σ ⋅ E ,

(6.3)

§

The content of this chapter was previously published in TMS Annual Meeting, Extraction and
Processing Division - 2012 EPD Congress - Held During the TMS 2012 Annual Meeting and
Exhibition186 by Zhiwei Peng, Jiann-Yang Hwang, Matthew Andriese, Zheng Zhang, Xiaodi Huang.
Reproduced with permission from TMS Annual Meeting, Extraction and Processing Division - 2012 EPD
Congress - Held During the TMS 2012 Annual Meeting and Exhibition: Zhiwei Peng, Jiann-Yang
Hwang, Matthew Andriese, Zheng Zhang, Xiaodi Huang. Heat Transfer Characteristics of Magnetite
under Microwave Irradiation. TMS Annual Meeting, Extraction and Processing Division - 2012 EPD
Congress - Held During the TMS 2012 Annual Meeting and Exhibition. 2012;121‒128. Copyright ©
2012 The Minerals, Metals and Materials Society. (See Appendix D-1 for copyright permission).
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M= σ * ⋅ H ,

(6.4)

where σ and σ* are the electric conductivity and equivalent magnetic loss, respectively.

Expansion of the vector components of the curl operators in the above equations yields
the following system of six coupled scalar equations under Cartesian coordinates:

∂E x 1  ∂H z ∂H y  σ
=
−
− Ex ,
∂t ε '  ∂y
∂z  ε '

(6.5)

∂E y 1  ∂H x ∂H z  σ
=
−
 − Ey ,
∂t
∂x  ε '
ε '  ∂z

(6.6)

∂E z 1  ∂H y ∂H x  σ
=
−
− Ez ,
∂t ε '  ∂x
∂y  ε '

(6.7)

∂H x
1  ∂E ∂E  σ *
=
−  z − y  − Hx,
∂t
µ '  ∂y ∂z  µ '

(6.8)

∂H y

1  ∂E x ∂E z
=
−
−
∂t
∂x
µ '  ∂z

 σ
Hy,
−
 µ'
*

∂H z
1  ∂E y ∂E x  σ *
=
− 
−
− H.
∂t
µ '  ∂x ∂y  µ ' z

(6.9)

(6.10)

The system of six coupled partial differential eqs. (6.5)‒(6.10) forms the basis of the
FDTD numerical algorithm for modeling electromagnetic wave interactions with
arbitrary three-dimensional objects.
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Yee’s FDTD scheme (see Fig. 6.1) discretizes Maxwell’s curl equations by
approximating the time and space first-order partial derivatives with central differences,
and then solving the resulting equations by using a leapfrog scheme.114

Fig. 6.1. Yee cell in FDTD method.

6.2 Formulations of the FDTD Algorithm

Since ε0 and μ0 differ by several orders of magnitude, E and H will differ by several
orders of magnitude, too. To simplify the computation result, the electric field strength
is normalized:188
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εr 'ε0
E.
µ r ' µ0

E =

(6.11)

Considering one-dimensional equation, we have

∂E x ( t )
1 ∂H y ( t )
σ
=
−
−
E (t ) ,
ε r ' ε 0 ∂z
εr 'ε0 x
∂t

∂H y ( t )
∂t
1

1 ∂E x ( t ) σ *
=
−
−
H (t ) ,
µr ' µ0 ∂z
µ r ' µ0 y

1
1
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2
2
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∆t
1

(6.13)
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r
0

−

(6.12)

n+

E y

1
2

n+

( k + 1) − E x

µ r ' ε 0 µ0

∆z

1
2

1
1


H yn +1  k +  + H yn  k + 
*
(k ) σ
2
2


.
−
2
µ r ' µ0

(6.14)

(6.15)

To simplify eqs. (6.14) and (6.15), we apply the following equation:

1 ∆t 1
= .
ε 0 µ0 ∆x 2
Then, eq. (6.14) becomes
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(6.16)
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or
1
n+
2
x

E ( k ) E
=

1
n−
2
x

  ∆t ⋅ σ  
1
1 − 

ε
ε
2
'
1
1 
 n

2
H y  k +  − H yn  k −   .
(k )   r 0   −

  ∆t ⋅ σ  
2
2 
  ∆t ⋅ σ    

1 + 
 ε r '⋅ 1 + 



  2ε r ' ε 0  
  2ε r ' ε 0  

(6.18)

Equation (6.15) becomes

1    ∆t ⋅ σ *  
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(6.19)
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  2 µ r ' µ0  
  2 µ r ' µ0  

(6.20)

Thus, the following equations can be obtained to perform the computation simulation:

ex[k=] ca[k ] ⋅ ex[k ] + cb[k ] ⋅ ( hy[k − 1] − hy[k ]) ,

(6.21)

hy[k ] = cc[k ] ⋅ hy[k ] + cd [k ] ⋅ ( ex[k ] − ex[k + 1]) ,

(6.22)

where
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 ∆t ⋅ σ 
1− 
2ε ' ε 
ca[k ] =  r 0  ,
 ∆t ⋅ σ 
1+ 

 2ε r ' ε 0 
1
2
,
cb[k ] =
  ∆t ⋅ σ  
ε r '⋅ 1 + 

  2ε r ' ε 0  

 ∆t ⋅ σ * 
1− 

 2 µ r ' µ0  ,
cc[k ] =
 ∆t ⋅ σ * 
1+ 

 2 µ r ' µ0 
1
2
.
cd [k ] =
  ∆t ⋅ σ *  
µr '⋅ 1 + 

  2 µ r ' µ0  

(6.23)

(6.24)

(6.25)

(6.26)

6.3 Modeling of Microwave Propagation in Various Media

This work simulated the microwave propagation in several typical media, which were
characterized by different permittivity, permeability, conductivity and equivalent
magnetic loss. The modeling geometry is shown in Fig. 6.2. As shown in the figure, the
whole space domain (1m) was divided into two equal parts. The left half domain was
specified as free space, where the pulse source (2450 MHz) was excited at the cell
position of 20. The right half domain was a given medium with varying dielectric and
magnetic properties. Note that there were absorbing boundary conditions at both ends of
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the space domain, which guaranteed no microwaves reflection occurring in the
simulation area. In the modeling, the pulse source (E field) was given by
pulse = E x = sin(2π ⋅ f ⋅

∆z
⋅ N ),
2 × 3 × 108

(6.27)

where N is the computation steps (used for counting the propagation time), and Δz is the
space step in the calculation (0.00125 m).

Fig. 6.2. Geometry of space domain (800 cells) in the simulation.

The distributions of microwave fields (E and H fields) in the space domain after the
given computation steps for different media (free space, metal, non-lossy dielectric
medium, lossy dielectric medium, magnetic dielectric without magnetic loss, and
magnetic dielectric with magnetic loss) are shown in Figs. 6.3‒6.16. As shown in these
figures, there is no dissipation of E or H fields in free space (εr′ = 1, εr" = 0), while all
microwaves are reflected by the metal (σ = 1×107 S m-1, Fe). As for the non-lossy
dielectric medium, the magnitude of E field decreases due to the real part of permittivity
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(εr′= 4, εr"= 0), giving rise to energy stored in the material. For microwave lossy
materials, microwave fields decay rapidly in the lossy dielectric medium (εr = 4-0.3j, μr
= 1), the magnetic dielectric without magnetic loss (εr = 4-0.3j, μr = 1.5) and the
magnetic dielectric with magnetic loss (εr = 4-0.3j, μr = 1.5-0.2j). Also, it is observed
that the fields reduce much faster in the magnetic dielectrics than in other media owing
to the contribution of magnetic response under microwave irradiation.

6.3.1 Free Space
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Fig. 6.3. Electric field distribution in free space (N = 400).
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Fig. 6.4. Magnetic field distribution in free space (N = 400).
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Fig. 6.5. Electric field distribution in free space (N = 5400).
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Fig. 6.6. Magnetic field distribution in free space (N = 5400).

6.3.2 Metal
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Fig. 6.7. Electric field distribution in metal (N = 5400).
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Fig. 6.8. Magnetic field distribution in metal (N = 5400).

6.3.3 Non-lossy Dielectric Medium
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Fig. 6.9. Electric field distribution in the non-lossy dielectric medium (N = 5400).
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Fig. 6.10. Magnetic field distribution in the non-lossy dielectric medium (N = 5400).

6.3.4 Lossy Dielectric Medium
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Fig. 6.11. Electric field distribution in the lossy dielectric medium (N = 5400).
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Fig. 6.12. Magnetic field distribution in the lossy dielectric medium (N = 5400).

6.3.5 Lossy Magnetic Dielectric without Magnetic loss
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Fig. 6.13. Electric field distribution in the lossy magnetic dielectric without magnetic loss
(N = 5400).
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Fig. 6.14. Magnetic field distribution in the lossy magnetic dielectric without magnetic loss
(N = 5400).

6.3.6 Lossy Magnetic Dielectric with Magnetic loss
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Fig. 6.15. Electric field distribution in the lossy magnetic dielectric with magnetic loss (N =
5400).
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Fig. 6.16. Magnetic field distribution in the lossy magnetic dielectric with magnetic loss (N
= 5400).

Careful inspection of the above microwave field distribution patterns (e.g., Figs. 6.13
and 6.15) also shows that not only the imaginary parts of permittivity and permeability
but also the real parts of permittivity and permeability contribute to microwave decay in
the magnetic dielectric materials. This observation is in agreement with the fact that
microwave penetration depth depends on both the real part and imaginary part of
permittivity and permeability, as indicated in Chapter 3. However, it should be noted
that the traditional viewpoint on heat generation (power absorption, as discussed in
Chapter 4) in microwave heating does not take into account the effect of real parts of
permittivity and permeability. This difference may offer information to account for the
non-thermal microwave effects in microwave chemistry.

In fact, non-thermal effect in microwave heating has received considerable attention in
the past thirty years and it is still a subject of intense debate in the scientific
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community.189-198 This effect was assumed to result from a direct stabilizing interaction
of the microwave electric field with specific molecules in the dielectric medium which
does not associate with the macroscopic temperature effect.195 Although a large body of
published work has claimed the existence of microwave non-thermal effect, exact
reasons for its occurrence is still unknown. Most of the published cases on this topic,
which “confirmed” the non-thermal effect, were misinterpreted due to inaccurate
temperature measurements by using thermocouple or IR temperature sensors. It thus
seems quite difficult to give a definitive answer about the existence or nonexistence of
the effect by experiments. More theoretical investigations on the microwave field
distributions in various substances may provide reliable evidences for clarifying this
issue.
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Chapter 7 Simulation of Heat Transfer in Microwave
Heating **

7.1 One-dimensional Simulation

A one-dimensional (1-D) slab of a homogeneous solid having dimension of 2L (Fig.
7.1) heated with microwaves was considered. Microwave energy was assumed to be of
uniform intensity and parallel polarization, impinging on both faces of the object. It was
delivered in a transverse electric and magnetic (TEM) mode at 915/2450 MHz and the
microwave dissipation in the object followed Lambert’s law (a satisfactory approximate
alternative to Maxwell’s equations applied in microwave heating provided no obvious
standing wave pattern forms in materials).124,133 Since the same energy was delivered
into both sides of the object, giving rise to a temperature distribution with mirror
symmetry; thus only one-half of the slab needs to be considered.
**

The content of this chapter was previously published in ISIJ International199 by Zhiwei Peng, JiannYang Hwang, Matthew Andriese, Wayne Bell, Xiaodi Huang, Xinli Wang and in Metallurgical and
Materials Transactions A200 by Zhiwei Peng, Jiann-Yang Hwang, Chong-Lyuck Park, Byoung-Gon Kim,
Gerald Onyedika.
Reproduced with permission from ISIJ International: Zhiwei Peng, Jiann-Yang Hwang, Matthew
Andriese, Wayne Bell, Xiaodi Huang, Xinli Wang. Numerical Simulation of Heat Transfer during
Microwave Heating of Magnetite. ISIJ International. 2011;51(6):884‒888. Copyright © 2011 The Iron
and Steel Institute of Japan. (See Appendix E-1 for copyright permission).
Reproduced with permission from Metallurgical and Materials Transactions A: Zhiwei Peng, Jiann-Yang
Hwang, Chong-Lyuck Park, Byoung-Gon Kim, Gerald Onyedika. Numerical Analysis of Heat Transfer
Characteristics in Microwave Heating of Magnetic Dielectrics. Metallurgical and Materials Transactions
A. 2012;43A(3):1070‒1078. Copyright © 2012 The Minerals, Metals and Materials Society. (See
Appendix E-2 for copyright permission).
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Fig. 7.1. Depiction of the slab geometry.

The mathematical analysis pertinent to the microwave heating process was based on
Fourier’s law of heat conduction. The shrinkage or deformation of the object during the
heating was assumed to be negligible and the surrounding air temperature was
considered constant.

The mathematical heat transfer equation governing the microwave heating process in 1D (x direction) slab was given as109

∂T
1 ∂κ ∂T
κ ∂ 2T P( x )
=
+
+
,
∂t ρ c p ∂x ∂x ρ c p ∂x 2 ρ c p

(7.1)

where T, ρ, cp, and κ are the temperature, density, specific heat capacity, and thermal
conductivity, respectively; P(x) is the heat generation term by microwave absorption.
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According to Lambert’s law, P(x) can be expressed in terms of microwave power flux
(P0) and penetration depth (Dp) as follows:
P( x ) =

P0 − ( L− x )/ D p
.
e
Dp

(7.2)

The following initial and boundary conditions were proposed:

t = 0, T = T0 ,0 ≤ x ≤ L,

(7.3)

∂T
=
0, t > 0,
∂x

(7.4)

∂T
4
4
=h ( T − T∞ ) + εσ ( T + 273.15) − ( T∞ + 273.15)  , t > 0,


∂x

(7.5)

x =−
0, κ
x =L, −κ

where t, T0, h, T∞, ε, and σ denote, respectively, time, initial temperature, heat transfer
coefficient, environmental temperature, emissivity, and the Stefan-Boltzmann constant.

The method used in this study was the explicit finite-difference approximation, where
the governing equations were transformed into difference equations by dividing the
domain of solution to a grid of points in the form of mesh and the derivatives were
expressed along each mesh point, referred as a node. The spatial domain [0, L] was
divided into m sections, each of length Δx = L/m. Meanwhile, the time domain [0, t] was
divided into n segments, each of duration Δt = t/n. The index i represents the mesh
points in the x direction, starting with i = 0 being one boundary (slab center) and ending
at i = m (slab surface). Specifically, the following difference equations were used:
∂T Ti n +1 − Ti n
,
=
∂t
∆t
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(7.6)

∂T Ti +n1 − Ti −n1
,
=
2∆x
∂x

∂ 2T Ti +n1 + Ti −n1 − 2Ti n
=
.
2
∂x 2
( ∆x )

(7.7)

(7.8)

To evaluate the thermal conductivity spatial derivative in eq. (7.1), the following
equation was applied:
∂κ κ in+1 − κ in−1
=
.
∂x
2∆x

(7.9)

By substituting above difference equations into the heat transfer equation and the
equations of initial and boundary conditions, the temperature of the sample at a given
time could be determined. The solution was found by developing a computer code in a
Mathematica 7.0 program.

The material considered in the simulation is magnetite derived from magnetite
concentrate in Tilden Mine, Michigan. The thermophysical properties of the material
and modeling parameters are tabulated in Table 7.1.65, 201-203
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Table 7.1
Thermophysical properties and modeling parameters used in the simulation.

Parameter

Value
3.8558-1.37×10-3T*
κ
cp
611.84+1.384T§
ρ
2800ǂ
*
α
(0.001377-4.8929×10-7T)/ (611.84 +1.384 T)
Dp(915 MHz)
0.0471-0.453×10-5T+4.184×10-7T2-4.845×10-9T3+1.298×10-11T41.366×10-14T5+5.099×10-18T6ǂ
Dp (2450 MHz) 0.0161-1.863×10-5T+2.182×10-7T2-1.603×10-9T3+0.395×10-11T40.405×10-14T5+1.502×10-18T6ǂ
h
10
0.96†
ε
T0
25
25
T∞
*
Value calculated based on the data reported in ref. 201.
§
Value calculated based on the data reported in ref. 202.
ǂ
Values taken from ref. 65.
†
Value taken from ref. 203.

Unit
W K-1 m-1
J kg-1 °C-1
kg m-3
m2 s-1
m
m
W m-2 °C-1
None
°C
°C

7.1.1 Effect of Heating Time

The temperature profiles for different heating time periods ranging from 1 to 60 s (at
915 MHz) are shown in Fig. 7.2. The highest temperatures inside the object are around
36 °C, 122 °C, 294 °C, and 767 °C for 1 s, 10 s, 30 s, and 60 s, respectively.
Temperature in the object increases rapidly with time due to the increase in thermal
energy transformed from the microwave irradiation. Continued microwave heating
creates a nonuniform temperature distribution in the slab. The temperature of slab
center (L = 0 m) stays colder (37 °C) after heating for 60 s, giving an indication that the
thermal runaway may occur during the microwave heating. Additionally, the surface of
the object (L = 0.2 m, L/Δx = 400) is found to be the position with the highest
temperature in the initial period (~ 1 s). Longer heating (> 60 s) leads to a temperature
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peak, which migrates inward with time, as represented in Fig. 7.3. It is mainly attributed
to the effects of microwave heat generation and thermal radiation. In the initial heating,
the thermal contribution from microwave generation dominates the temperature rise in
the sample and weak thermal radiation effect could be expected due to relatively low
temperature of the object. As the heating continues the temperature of object increases
considerably, leading to a high radiation effect. Thus, an obvious temperature peak is
formed inside the object after relatively long heating time. Note that heat diffusion and
convection also contribute to the heat transfer in microwave heating of materials. But
for the magnetite in this study (actually, for many ceramic materials), their contributions
are quite small, especially the heat diffusion. The heat diffusivity (α* in Table 7.1 and
Fig. 7.4) is found to be in the order of 10-6 m2 s-1 and decreases with increasing
temperature.

Fig. 7.2. Temperature distributions in the magnetite slab for different microwave heating
periods at 915 MHz: a―1 s, b―10 s, c―30 s, and d―60 s. Power: 1 MW m-2; Dimension
(L): 0.2 m.
115

Fig. 7.3. Temperature distributions in the magnetite slab for different microwave heating
periods at 915 MHz: a―60 s, b―300 s, c―600 s, and d―1200 s. Power: 1 MW m-2;
Frequency: 915 MHz; Dimension (L): 0.2 m.

Fig. 7.4. Temperature dependences of magnetite thermal diffusivity (α) and microwave
penetration depth (Dp).
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7.1.2 Effect of Heating Power

The temperature profiles for different microwave powers (P0) in the range of 0.5 to 4
MW m-2 are given in Fig. 7.5. The temperature of the object increases with increasing
microwave power. The highest temperatures after microwave heating for 60 s are 278
°C, 767 °C, 1047 °C, and 1143 °C for 0.5 MW m-2, 1 MW m-2, 2 MW m-2, and 4 MW
m-2, respectively. It demonstrates that a suitable power applied in microwave heating is
crucial to obtain high heating rate in a short time. Moreover, it is interesting to note that
these highest temperatures locate at different mesh positions (L/Δx): 396, 396, 390, and
385, respectively. It shows the temperature peak shifts to the center of the object with
increasing power as the contribution of microwave heat generation from higher power
to temperature increase becomes even considerable compared with heat convection and
diffusion. Owing to the slow heat diffusion and strong heat radiation to environment at
high temperatures the peak migrates inward to keep heat balance between the object and
surrounding.
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Fig. 7.5. Temperature distributions in the magnetite slab under different microwave
heating powers at 915 MHz: a―0.5 MW m-2, b―1 MW m-2, c―2 MW m-2, and d―4 MW
m-2. Heating time: 60 s; Dimension (L): 0.2 m.

7.1.3 Effect of Microwave Frequency

In microwave processing of materials, the dissipation of microwave power in materials
highly relies on the microwave frequency. It is known that two frequencies, 915 and
2450 MHz, are commonly assigned for industrial and domestic applications. To
evaluate the effect of microwave frequency on temperature distribution in magnetite,
the temperature profiles in the object for different microwave heating periods at
frequency of 2450 MHz are shown in Fig. 7.6 with a comparison with 915 MHz in Fig.
7.2. The comparison indicates there is negligible temperature difference between 915
and 2450 MHz in the initial heating period (1 s). As the heating time extends to 60 s, the
maximum temperature of the object at 2450 MHz is found to be much higher than that
at 915 MHz (996 and 767 °C, respectively) and the heating rate is consistent with the
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experimental data reported in literature.204 The heating rate difference between two
frequencies is attributed to the different microwave wavelengths and microwave
absorption properties (permittivity and permeability) of the material at 915 and 2450
MHz. Their effects on the heating can be indicated by the change in microwave
penetration depth (Dp) in the material [see eq. (3.22)].

Fig. 7.6. Temperature distributions in the magnetite slab for different microwave heating
periods at 2450 MHz: a―1 s, b―10 s, c―30 s, and d―60 s. Power: 1 MW m-2; Dimension
(L): 0.2 m.

In this simulation, the temperature dependences of microwave penetration depths at 915
MHz and 2450 MHz were determined via the cavity perturbation technique, as shown in
Table 7.1 and Fig. 7.4. The microwave penetration depth at 2450 MHz is found to be
much smaller than that at 915 MHz below 500 °C, mainly due to their different
microwave wavelengths. As temperature increases, the microwave penetration depth is
also greatly affected by the permittivity and permeability. The magnetite permittivity
increases with temperature, while the permeability decreases apparently around the
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Curie point. Note that the magnitude of permittivity is much larger than that of
permeability. Thus, the change in permittivity dominates the variation of microwave
penetration depth in magnetite at high temperatures.

The small microwave penetration depth at 2450 MHz results in a quick temperature
increase in a short time (e.g., < 60 s). This indicates, under the same conditions (power,
heating time, object dimension, etc.), most of microwave energy at 2450 MHz would
dissipate in the area closer to surface than that at 915 MHz. As microwave heating
continues, the temperature of object increases and the radiation effect at the surface of
object becomes quite strong. The difference of the highest temperatures between 915
and 2450 MHz decreases, as shown in Figs. 7.3 and 7.7. The highest temperatures at
915 MHz after microwave heating for 60 s, 300 s, 600 s, and 1200 s are 767 °C, 1104
°C, 1160 °C and 1218 °C, respectively. At 2450 MHz, the counterparts are 996 °C,
1154 °C, 1215 °C, and 1285 °C, respectively. Furthermore, owing to more energy is
located in the section close to the surface, the temperature inside the object at 2450
MHz is much lower than that at 915 MHz. In other words, in the investigated heating
time range, the temperature distribution at 915 MHz is more uniform than that at 2450
MHz. Hence, 915 MHz is more suitable for large-scale microwave heating of magnetite
where the maximum temperature uniformity is demanded.
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Fig. 7.7. Temperature distributions in the magnetite slab for different microwave heating
periods at 2450 MHz: a―60 s, b―300 s, c―600 s, and d―1200 s. Power: 1 MW m-2;
Dimension (L): 0.2 m.

7.1.4 Effect of Object Dimension

Volumetric heating is known as a main advantage of microwave processing of materials
due to the propagation behaviors of microwaves.205 However, this superiority also
depends on the object dimension, as demonstrated in Fig. 7.8. It shows the temperatures
for the slab with different dimensions (L = 0.2 m, 0.15 m, 0.1 m, and 0.05 m,
respectively) after microwave heating for 60 s at 2450 MHz. As the dimension
decreases, the temperature homogeneity in the object is improved. The temperature
peak magnitude remains almost constant while its position moves close to the center of
the object. The object with dimension (L) of 0.05 m under microwave irradiation
exhibits a better temperature distribution than the others. This could be clearly
demonstrated by the temperature increase at the slab center with decreasing dimension.
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The temperature at the slab center increases from 25 to 153 °C as the dimension
decreases from 0.2 to 0.05 m. This indicates an optimal dimension of the material is
required to obtain the minimum temperature nonuniformity and high heating
performance. Also, it should be noted that further reduction of dimension size (e.g., L =
0.02 m) would result in an apparent standing wave pattern, which may dramatically
worsen the heating uniformity.206,207

Fig. 7.8. Temperature distributions in the magnetite slab with different dimensions (L) at
2450 MHz: a―0.2 m, b―0.15 m, c―0.1 m, and d―0.05 m. Heating time: 60 s; Power: 1
MW m-2.

7.2 Two-dimensional Simulation

Microwave heating highly depends on the dimension of material. To visualize a clearer
heat transfer process a two-dimensional (2-D) simulation was also performed. In the
modeling, a 2-D homogeneous magnetite block having dimension of 2L× 2L heated
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with microwaves with power, P0, was considered. Microwave energy was assumed to
be of uniform intensity and parallel polarization, impinging on four faces of the object
in a transverse electric and magnetic (TEM) mode at specified frequencies. Owing to
the two-fold symmetry of the block, only the temperature distribution of one-quarter of
the object (upper right part in this simulation) was simulated, as shown in Fig. 7.9. The
temperature distribution inside the 2-D object was predicted through the numerical
method discussed above. Magnetite was taken as the object considered in the simulation
and its thermophysical properties and the modeling parameters are used as the same in
the 1-D case.

Fig. 7.9. Depiction of the 2-D object (one-quarter) geometry.

7.2.1 Effect of Heating Time

The temperature distributions in the object for different heating time periods ranging
from 1 to 600 s (at 915 MHz) are given in Fig. 7.10. The highest temperatures
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(temperature of hot spot) inside the object are around 45 °C, 1000 °C, 1200 °C, and
1200 °C for 1 s, 60 s, 300 s, and 600 s, respectively. Temperature in the object increases
rapidly in one minute as the time period progresses. This is because of the increase in
thermal energy transformed from the microwave radiation due to high dielectric and
magnetic loss of magnetite with increasing heating time. Also, it is apparent that the
temperature distribution inside the object is nonuniform, giving an indication that the
thermal runaway may occur during the experiment. In the initial period (~1 s), the
upper-right corner of the object (L = 0.2 m) is found to be the position with the highest
temperature. As the heating time increases, the maximum temperature position shifts
towards the center of the object and the temperature of the object surface is tending to
be lower than the inside section. This is mainly attributed to the heat balance between
the microwave heat generation and thermal radiation. In the initial heating period, the
thermal contribution from microwave generation dominates the temperature rise in the
sample and the thermal radiation effect is weak due to a relatively low temperature of
the object. As the heating time extends, the temperature of the object increases
considerably, giving rise to a high radiation effect. Thus, as shown in Fig. 7.10, an
obvious hot spot is formed inside the object after a relatively long heating time (300 s).
Note that continuous heating up to 600 s did not contribute too much to the increase in
the highest temperature inside and the temperature of the hot spot remains around 1200
°C. It is also observed that the hot spot migrates inward with a slower speed due to
smaller heat diffusivity (α* in Table 7.1) at higher temperatures. This indicates that the
microwave heat generation overwhelms the heat diffusion during the microwave
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heating of magnetic dielectrics. Meanwhile, it should be mentioned that the heat
convection between the heated sample and environment also affects the heat transfer in
microwave processing of materials, but it presents much smaller influence compared
with heat radiation.

Fig. 7.10. Temperature (°C) profiles in the 2-D object for different microwave heating
periods: (a) 1 s, (b) 60 s, (c) 300 s, and (d) 600 s. Power: 1 MW m-2; Frequency: 915 MHz;
Dimension (L): 0.2 m.
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7.2.2 Effect of Heating Power

The temperature profiles of the object for different microwave powers in the range of
0.5 to 4 MW m-2 are presented in Fig. 7.11. The temperature of the object increases with
increasing microwave power. The highest temperatures are 711 °C, 1042 °C, 1144 °C,
and 1228 °C (not shown in Fig. 7.11) for 0.5 MW m-2, 1 MW m-2, 2 MW m-2, and 4
MW m-2, respectively. The temperature inside the object also increases apparently as
the power level increases. As indicated in Fig. 7.11, the area with the temperature below
400 °C diminishes in a large amount after the power increases from 0.5 to 4 MW m-2.
Moreover, it is interesting to note that these highest temperatures locate at different
mesh positions: (197, 197), (194, 194), (191, 191), and (189, 189), respectively. This
indicates the hot spot shifts towards the center of the object. In fact, a higher power
input results in a larger temperature increase during the same heating time. The
contribution to temperature increase from microwave generation becomes even
considerable compared with other factors, especially heat diffusion. Although the heat
radiation is quite strong at high temperatures, the diffusion also becomes slower due to
smaller diffusivity at high temperatures. The hot spot locates at the position closer to
the center of the object to keep heat balance during microwave heating.
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Fig. 7.11. Temperature (°C) profiles in the 2-D object under different microwave heating
powers: (a) 0.5 MW m-2, (b) 1 MW m-2, (c) 2 MW m-2, and (d) 4 MW m-2. Heating time: 60
s; Frequency: 915 MHz; Dimension (L): 0.2 m.

7.2.3 Effect of Microwave Frequency

It is known that two frequencies, 915 and 2450 MHz, are commonly used in the
microwave processing of materials. To evaluate the effect of microwave frequency on
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the temperature distribution in magnetic dielectrics, the temperature profiles in the
object for different microwave heating periods at a frequency of 2450 MHz is shown in
Fig. 7.12 with a comparison with 915 MHz in Fig. 7.10. A careful comparison indicates
that the temperature increase rate at 2450 MHz is much higher than that at 915 MHz in
the outer layer of the object and the heating rate is in agreement with the experimental
measurement.203 Conversely, in the inner section of the sample, a lower temperature at
2450 MHz is observed compared with 915 MHz. The difference also increases as
microwave heating continues. This observation can be ascribed to the variation of
dielectric and magnetic properties of magnetic dielectrics under microwave irradiation.
These properties are strongly dependent on the microwave frequency and temperature.
Such dependence can be indicated by the change in microwave penetration depth (Dp)
in magnetic dielectrics where the permeability cannot be ignored.

According to eq. (3.22), it is obvious that the penetration depth at 915 MHz is larger
than that at 2450 MHz in a broad temperature range due to the much longer wavelength
(λ0) at 915 MHz. However, it should be noted that the temperature-dependent dielectric
and magnetic parameters (permittivity and permeability, respectively) also influence the
penetration depth.65. The microwave penetration depth at 2450 MHz is found to be
much smaller than that at 915 MHz below 500 °C. This indicates, under the same
conditions (power, heating time, object dimension, etc.), most of microwave energy at
2450 MHz would dissipate in the area closer to surface than that at 915 MHz. With
increasing heating time, the temperature of object increases and the radiation effect at
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the surface of materials grows rapidly. In other words, more energy is emitted (lost) into
surrounding at 2450 MHz than 915 MHz. Hence, the temperature of the object inner
section under the same power level at 2450 MHz is much lower than that at 915 MHz.
Microwave heating at 915 MHz thus exhibits better heating uniformity.

Fig. 7.12. Temperature (°C) profiles in the 2-D object for different microwave heating
periods at 2450 MHz: (a) 1 s, (b) 60 s, (c) 300 s, and (d) 600 s. Power: 1 MW m-2;
Dimension (L): 0.2 m.
129

7.2.4 Effect of Object Dimension

Unlike the conventional thermal heating, relatively rapid uniform heating is much easier
to achieve in microwave heating mainly due to the longer microwave penetration depth,
and thus deeper microwave penetration in the materials. However, an obvious
temperature gradient could also be expected provided the materials dimension is much
larger than penetration depth, as shown in Fig. 7.13, where the temperature distributions
for the object with different dimensions (L = 0.2 m, 0.15 m, 0.1 m, and 0.05 m,
respectively) are displayed. The temperature homogeneity in the object improves as the
dimension is reduced. The highest temperature area expands and moves close to the
center of object. With continuous heating (e.g., to 300 s), it is predicted that the overall
body temperature would increases continuously. Because the penetration depth is
determined by the microwave frequency and the materials response represented by both
permittivity and permeability, it is better and more convenient to adjust the dimension
of the magnetic dielectrics in microwave heating. Additionally, because of the much
lower temperature of the surrounding area, the temperature of the internal block would
be higher than that of the outer layer of the block. This accounts for the experimental
observation in microwave heating, heat transfers from object center to the surface,
which is opposite to the direction of heat transfer in conventional heating.1,65

However, it is expected that a further decrease in the dimension size (e.g., L = 0.02 m)
would result in an apparent “standing wave” phenomenon, which may dramatically
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worsen the heating uniformity. Under such conditions, the influence of microwave
reflection at the interface between the magnetic dielectric and surrounding has to be
considered and Maxwell’s equations rather than Lambert’s law should be used for the
simulation.

Fig. 7.13. Temperature (°C) profiles in the 2-D object with different dimensions: (a) 0.2 m,
(b) 0.15 m , (c) 0.1 m, and (d) 0.05 m. Heating time: 60 s; Power: 1 MW m-2; Frequency:
2450 MHz.
131

The temperature profiles above demonstrate that heating time, microwave power,
microwave frequency and object dimension affect the temperature distribution in the
material. To obtain high heating performance and to avoid/minimize thermal runaway
resulting from temperature nonuniformity, all these factors influencing the heat transfer
in microwave processing of materials need to be considered.
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Chapter 8 Dimension Optimization for Absorbers in
Microwave Heating ††

8.1 Effect of Absorber Dimension on Microwave Heating

Microwave heating has shown its distinguishing characteristics such as volumetric
nature compared with conventional methods, leading to extremely broad applications in
materials heating and processing. The efficiency of microwave heating was found to be
dependent on various factors, such as microwave power,128 frequency,199,209 radiation
time,199 applicator design,199 sample microwave absorption properties and position as
well as dimension,77,200,210 etc. Among these parameters, the effect of sample dimension
was generally neglected by researchers in microwave processing of materials. In fact,
although numerous studies have been focused on the utilization of microwave energy to
assist materials heating and processing, few reports were released to investigate the
effect of sample dimension.42,211 This is because all the mentioned factors influence

††

The content of this chapter was accepted for publication in TMS Annual Meeting, 4th International
Symposium on High-Temperature Metallurgical Processing - Held During the TMS 2013 Annual
Meeting and Exhibition208 by Zhiwei Peng, Jiann-Yang Hwang, Byoung-Gon Kim, Matthew Andriese,
Xinli Wang.
Reproduced with permission from TMS Annual Meeting, 4th International Symposium on HighTemperature Metallurgical Processing - Held During the TMS 2013 Annual Meeting and Exhibition:
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microwave heating and generally exert interactive effects to each other during the
heating process, making clarification of the effect of sample dimension difficult.
Therefore, it is quite necessary to quantify the effect of absorber dimension on
microwave heating, advancing the understanding of microwave heating mechanism.

In the present study, the microwave dissipation behavior and heat transfer process in
microwave absorbers were analyzed and the concept of reflection loss was introduced to
optimize the absorber dimension in microwave heating. In order to show the importance
of the dimension effect on microwave heating, hematite (Fe2O3) was employed to
determine the variation of reflection loss with thickness at widely used microwave
frequencies based on the corresponding dielectric characterizations.

8.2 Microwave Heat Generation and Heat Transfer

Microwave heating is closely associated with the propagation and dissipation of
microwaves in materials, which are normally described mathematically by Maxwell’s
equations with corresponding boundary conditions. The microwave field distributions in
an absorber are defined by these equations and their variations are attributed to heating
efficiency. Because of this characteristic, the first point that has to be considered for
increasing microwave heating efficiency is to maximize the microwave energy
absorption.
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From Poynting’s theorem,133 the microwave energy absorption or heat generation (P) in
an absorber due to the microwave-matter interaction can be given as

(

2

P π f ε 0ε r" E + µ0 µr " H
=

2

),

(8.1)

where f is the microwave frequency, ε0 and μ0 are the dielectric permittivity and
magnetic permeability of free space, εr" and μr" are the imaginary part of complex
relative permittivity (dielectric loss factor) and the imaginary part of complex relative
permeability (magnetic loss factor), and |E| and |H| denote the electric and magnetic
fields inside the sample, respectively.

According to eq. (8.1), it is seen that the heat generation due to microwave irradiation is
directly related to microwave frequency, microwave absorption properties (permittivity
and permeability), and microwave field distribution. It seems that microwave heating is
independent of absorber dimension. However, careful inspection would find that heat
generation expressed in this equation does not consider the dynamic process of
microwave propagation and dissipation in materials, whose effects are rather important
in large-scale microwave heating and processing of materials.

Additionally, microwave heating efficiency not only depends on the heat generation
within the absorber but also the heat transfer inside the absorber during the heating
process. The increase in temperature of the absorber under microwave irradiation can be
determined from the heat transfer differential equation [considering x direction in this
case, see eq. (7.1)].199 The equation shows that the increase in temperature at given
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heating time (∂T/∂t) depends on both heat conduction and microwave heat generation.
With consideration of specific heat transfer boundary conditions, the final temperature
within the absorber can be determined. However, the heat transfer process during
microwave heating may give rise to nonuniform temperature distributions in large-scale
materials, which have been observed by many researchers.212-214 Those inhomogeneous
temperature distributions may further lead to some serious problems in microwave
heating, such as the formation of hot spot and occurrence of thermal runaway, which
make the heating out of control.62,63 Obviously, these problems are closely relevant to
the dimension of the microwave absorber since the heat transfer rate in the absorber is
relatively slow compared with the oscillation rate of microwave electric and magnetic
fields. Considering this effect, the primary purpose of this study would be to increase
the microwave absorption of the sample with an optimal dimension, and also to improve
the microwave heating uniformity.

8.3 Dimension Optimization using Reflection Loss

In order to meet these two conditions, a parameter must be introduced to efficiently
evaluate the dimension effect. Prior scientists employed the microwave penetration
depth (Dp) to show the microwave dissipation along the direction of microwave
propagation.65 It is defined as the distance from the surface into an absorber at which
the traveling wave power drops to e-1 (e = 2.718) from its value at the surface. For an
absorber having both dielectric loss and magnetic loss, the penetration depth can be
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calculated by eq. (3.22) 65,140 Microwave power dissipates very quickly along the depth
of the material in a penetration depth, beyond which only slow energy losses occur with
increasing dimension. This suggests that an absorber having a dimension large than Dp
may have a nonuniform power (heat) distribution, resulting in inhomogeneous
temperatures within the material. To address this problem, some researchers have
proposed that the dimension (thickness) of an absorber under one-sided irradiation can
be limited to a penetration depth.65 This would give high microwave absorption and also
diminish the nonuniform temperature distribution. However, it does not consider the
situation in most microwave heating, where the sample is loaded in a metallic
applicator. Therefore, a suitable estimation of optimal dimension for microwave
absorbers needs to take into account the reflection of microwaves in the cavity.

Regarding the microwave heating condition illustrated in Fig. 8.1, an extensive
exploration of literature indicates that calculation of reflection loss (RL) at the interface
between air and the metal-backed sample may be employed to investigate the effect of
absorber dimension (thickness) on microwave heating.215-218 According to the
transmission line theory, RL can be calculated using the following equation:215

RL = 20log

µr
 2π f
tanh  j
c
εr


µrε r d  − 1

µr
 2π f
tanh  j
c
εr


µrε r d  + 1




,

(8.2)

where μr and εr are the complex relative permeability and permittivity, respectively, of
the microwave absorber, j is the imaginary unit, c is the velocity of microwaves in free
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space, and d is the thickness of the absorber. This parameter has been widely used in the
analysis of microwave absorption properties of electromagnetic wave absorbers to
overcome electromagnetic interference (EMI) shielding problems.216-218 However, no
prior study has been devoted to apply it in microwave heating and to discuss the effect
of absorber dimension on the microwave heating efficiency.

Fig. 8.1. Schematic of an absorber under microwave irradiation.

As shown by eq. (8.2), RL deals with microwave attenuation with consideration of
permittivity, permeability, microwave frequency and microwave reflection. The
calculated losses for absorbers at commonly used frequencies, mainly 915 and 2450
MHz, over a broad temperature range probably provide useful information for the
optimization of absorber dimension. To clarify this application, hematite (Fe2O3) was
taken for the microwave absorption characterizations in this work (also see Chapter 5).
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The dielectric parameters of hematite (compacted powders with a bulk density of 2.79 g
cm-3) were measured using the cavity perturbation technique,65 and the results are
shown in Fig. 8.2(a). The real and imaginary parts of complex relative permittivity (εr'
and εr") of hematite slightly increase with temperature below 450 °C, above which εr'
increases significantly while εr" presents a broad dielectric loss peak between 450 and
1000 °C. This leads to the formation of a broad dielectric loss tangent (tanδe = εr"/εr')
peak between 450 and 1000 °C at both frequencies, as illustrated in Fig. 8.2(b).

Fig. 8.2. (a) Complex relative permittivity of hematite vs. temperature at 915 and 2450
MHz. (b) Dielectric loss tangent of hematite vs. temperature at 915 and 2450 MHz.
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Based on the measurements RL of hematite can be determined using eq. (8.2).
Considering hematite having very weak magnetism in the measured temperature
range,145,146 unit complex relative permeability (μr = 1) was taken in the calculation of
reflection loss.

Figure 8.3(a) shows the calculated results of RL versus temperature for hematite with
increasing sample thickness (from 0.005 to 0.05 m) at 915 MHz. The sample with a
thickness of 0.005 m exhibits a negligible absorption peak (RL trough) in the whole
temperature range, suggesting it having rather weak microwave absorption under this
condition. The intensity of the absorption peak increases as the thickness increases from
0.005 to 0.03 m. It then decreases as the thickness increases from 0.03 to 0.05 m. The
maximum peak reaches -38.46 dB at ~600 °C as the sample has a thickness of 0.03 m.
The temperature range of the maximum absorption peak with RL below -10 dB (> 90%
microwave absorption) is found to be 250 °C (the difference between 450 and 700 °C).
This shows that hematite of 0.03 m thickness can be heated rapidly at 915 MHz above
450 °C.
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Fig. 8.3. High-temperature microwave absorption of hematite: (a) Calculated reflection
loss vs. temperature at 915 MHz. (b) Calculated reflection loss vs. temperature at 2450
MHz.

Figure 8.3(b) shows the calculated results of RL versus temperature for hematite with
increasing sample thickness (from 0.005 to 0.05 m) at 2450 MHz. It is seen that the
variation trend of reflection loss at 2450 MHz is similar to that at 915 MHz. The
maximum peak reaches -35.97 dB at ~700 °C as the sample has a thickness of 0.01 m.
The temperature range of the maximum absorption peak with RL below -10 dB is 250
°C (the difference between 550 and 800 °C), which is the same as that at 915 MHz. The
only difference can be noted is that the absorption peak is shifted by 100 °C to higher
temperatures. This shift is in exact agreement with the variation of dielectric loss
tangent at the measured frequencies, as presented in Fig. 8.2(b). It indicates that the
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maximum absorption peak position of hematite is determined by the dielectric loss
tangent.

From these results, it is observed that the microwave absorption of hematite presents a
strong thickness dependence during heating. The maximum absorption peak indicated
by RL shows that high microwave absorption in the material can be achieved in a wide
temperature range. This meets the requirement for the first condition for optimal
microwave heating. Also, it considers the variation of microwave dielectric properties
with temperature, which has been ignored in most previous studies. Because this
optimization of absorber dimension takes into account the whole heating temperature
range, it minimizes the adverse effect of heat transfer during heating. Thus, it is easier
to obtain relatively uniform microwave heating for absorbers with the optimal
dimensions based on the analysis of reflection loss.

In summary, this study discusses the effect of absorber dimension on microwave
heating. It shows that, to achieve high microwave heating efficiency, an optimal sample
dimension needs to be determined via the analyses of microwave absorption and heat
transfer in materials. Based on the characterization of microwave absorption properties,
the calculated reflection loss over the temperature range of heating is found to be useful
for obtaining a rapid optimization of the absorber dimension, which increases
microwave absorption and achieves relatively uniform heating.
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Chapter 9 Absorber Impedance Matching in Microwave
Heating ‡‡

9.1 Perfect Impedance Matching

As mentioned before, it is critical to reduce and suppress microwave reflection from the
sample surface during microwave heating. To achieve this purpose, RL was used to
optimize the sample dimension for absorbers in last chapter. The results clearly showed
that it is useful for obtaining a rapid optimization of absorber dimension by determining
RL in the given dimension range. Consequently, a high performance of microwave
heating can be expected. However, it should be emphasized that the highest absorption
of an absorber during the whole heating process is still unavailable without a general
design formula or rule for the heating, which depends on the dielectric and magnetic
parameters and matching thickness.

In fact, the search for a generalized design rule based on the calculation of reflection
loss for optimizing microwave absorbing materials has been the subject of research for
‡‡
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a long time.220-224 To reduce the reflection loss in the materials, the concept of
impedance matching was introduced. It was originally developed for designing the input
impedance of an electrical load in electrical engineering to minimize the power
reflection from the load. Over the past few years, several approaches were proposed to
obtain the optimum microwave absorber structure by considering the effect of
microwave bandwidth.225-235 However, there is no detailed study on the influence of the
heating process in which heating temperature and heat transfer play important roles in
the design; no general design rule for the absorber in microwave heating is yet
available.

The present work is aimed to achieve the maximum microwave absorption in materials
in microwave heating by developing a new mathematical function for designing
absorbers having perfect impedance matching. The impedance matching degrees of a
representative microwave absorber, hematite, in a broad temperature range up to ~1000
°C were subsequently calculated using the derived function. It is demonstrated that this
function can be used to obtain perfect impedance matching for materials, achieving the
highest absorption in the entire microwave heating process.

To attain the maximum absorption by using impedance matching, the microwave
reflection should be as low as possible (RL → ‒∞). According to the definition of RL
for a single-layer microwave absorber backed by a metal plate, when RL approaches
‒∞, the following condition should be satisfied:
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µr
 2π f
tanh  j
εr
 c


µrε r d  = 1.


(9.1)

µ

µ rε r d  = r ,
εr


(9.2)

The above equation could be also written as

 2π f
coth  j
 c
or

coth (γ d ) =

µr
.
εr

(9.3)

Apparently, eq. (9.3) shows that an absorber having a specific dimension or optimum
microwave parameters (permittivity and permeability) can have the maximum
absorption without serious microwave reflection, namely, perfect impedance matching.

9.2 Derivation of the Function for Evaluating Impedance Matching

In general, it is quite difficult to achieve perfect impedance matching in microwave
heating. This is due to the fact that absorbers have the specific microwave permeability
and permittivity at the given temperature and microwave frequency. The reflection loss
may vary significantly under different conditions. This can be revealed by the
calculated RL values for microwave heating of hematite, as illustrated in Chapter 8.
Although hematite presents a very low reflection (approximately -40 dB) at high
temperatures, the microwave absorption is still weak at low temperatures. In such a
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case, it is more important to improve the microwave absorption by optimizing the
matching dimension and dielectric and magnetic parameters.

To obtain perfect matching, we may introduce a function used for calculating the
impedance matching degree of the absorber to further analyze the effects of dimension
and microwave parameters on microwave heating. As shown in the previous chapters,
the propagation constant γ is generally expressed as

γ= α + β j.

(9.4)

Thus, the left-hand side of eq. (9.3) can be presented as

coth
=
(γ d ) coth (α + β j ) d  .

(9.5)

Thus, we have
coth (γ d ) =

(
(

)
)

exp  2 (α + β j ) d  + 1
.
exp  2 (α + β j ) d  − 1

(9.6)

Because the relationships to ordinary trigonometric functions can be given using Euler's
formula for complex numbers, eq. (9.6) may be described as

coth (γ d ) =

exp ( 2α d ) cos ( 2 β d ) + j exp ( 2α d ) sin ( 2 β d ) + 1
.
exp ( 2α d ) cos ( 2 β d ) + j exp ( 2α d ) sin ( 2 β d ) − 1

(9.7)

Finally, we have

coth (γ d ) =

exp ( 4α d ) − 1 − j 2 exp ( 2α d ) sin ( 2 β d )
.
exp ( 4α d ) − 2 exp ( 2α d ) cos ( 2 β d ) + 1

Similarly, the right-hand side of eq. (9.3) can be presented as
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(9.8)

µr
µr '− j µr ' tan δ m
.
=
εr
ε r '− jε r ' tan δ e

(9.9)

The derivation of eq. (9.9) may be briefly described as follows:

µr
µr '
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εr
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,
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(9.10)
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r
=

µr
=
εr

By comparing eqs. (9.8) and (9.13), the following two equations should be satisfied
simultaneously to obtain perfect impedance matching:

exp ( 4α d ) − 1
µr ' cos δ e
δ −δ 
=
cos  m e  ,
ε r ' cos δ m
exp ( 4α d ) − 2 exp ( 2α d ) cos ( 2 β d ) + 1
 2 

(9.14)

2 exp ( 2α d ) sin ( 2 β d )
µr ' cos δ e
δ −δ 
=
sin  m e  .
exp ( 4α d ) − 2 exp ( 2α d ) cos ( 2 β d ) + 1
ε r ' cos δ m
 2 

(9.15)

Derivations of eqs. (9.14) and (9.15) lead to

exp ( 4α d ) − 1
δ −δ 
= cot  m e  ,
2 exp ( 2α d ) sin ( 2 β d )
 2 

(9.16)

exp ( 2α d )
1
δ −δ 
−
=
cot  m e  ,
(9.17)
2sin ( 2 β d ) 2 exp ( 2α d ) sin ( 2 β d )
 2 
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1
1
 δ − δe 
exp ( 2α d ) csc ( 2 β d ) − exp ( −2α d ) csc ( 2 β d ) =
cot  m
.
2
2
 2 

(9.18)

Considering heat transfer in microwave heating, it is more advantageous to introduce
the penetration depth, Dp, into eq. (9.18). Thus, it can be transformed as
 d 
 d 
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Here, a function, f(d), may be used to show the impedance matching degree of the
absorber in microwave heating. It can be expressed as
f (d )
=
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For the absorber without magnetic loss (dielectrics), eq. (9.20) is simplified as
f (d )
=

 d 
 d 
1
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(9.21)

Also, according to the definitions of Dp and β, the following equation can be derived:

β=

1
δ 
cot  e  .
2Dp  2 

(9.22)

Thus, from eqs. (9.21) and (9.22), we have
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(9.23)

As revealed by eq. (9.23), an appropriate value of δe has to be found in order to attain
perfect impedance matching [indicated by f(d) → 0] for an absorber having a certain
dimension (indicated by d/Dp), and vice versa.

9.3 Perfect Impedance Matching Map

According to eq. (9.23), the relation between f(d) and d/Dp and δe can be obtained, as
presented in Fig. 9.1. The impedance matching map in Fig. 9.1 shows that there are
possible solutions of the function f(d), depending on the values of d/Dp and δe. It can be
further confirmed by the matching patterns from the top viewpoint (Fig. 9.2), right
viewpoint (Fig. 9.3), and front viewpoint (Fig. 9.4).

Fig. 9.1. Impedance matching map for a dielectric absorber (3-D view).
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Fig. 9.2. Impedance matching map for a dielectric absorber (top viewpoint).

Fig. 9.3. Impedance matching map for a dielectric absorber (right viewpoint).
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Fig. 9.4. Impedance matching map for a dielectric absorber (front viewpoint).

9.3.1 Effect of δe

The effect of δe on the impedance matching can be demonstrated by the solutions of f(d)
with given loss tangent angles. Figures 9.5‒9.14 show the possible solutions of the
function with the δe values of π/24, π/12, π/6, π/4, and 3π/8, respectively. It is indicated
that there are numerous solutions of the function when the loss tangent phase angle is
small. For example, it is easy to find a solution for perfect impedance matching in the
d/Dp range of 0‒3.3 when δe is π/24.

However, as the δe value increases, fewer

solutions of the function can be observed in the given d/Dp range. For instance, when
the δe values are π/12 and π/6, the possible solutions are only available in the d/Dp
ranges of 0‒2.4 and 0‒1.6, respectively. Further increase in δe leads to no solution of
the function (e.g., δe = π/4 or 3π/8), as presented in Figs. 9.11‒9.14. This clearly shows
that it is impossible to gain the complete microwave absorption for absorbers having the
δe values beyond π/4. The maximum thickness of materials, which corresponds to

151

perfect impedance matching, decreases with increasing dielectric loss tangent phase
angle.

Fig. 9.5. f(d) vs. d/Dp ranging from 0 to 3 (δe = π/24).

Fig. 9.6. f(d) vs. d/Dp ranging from 0 to 5 (δe = π/24).
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Fig. 9.7. f(d) vs. d/Dp ranging from 0 to 3 (δe = π/12).

Fig. 9.8. f(d) vs. d/Dp ranging from 0 to 5 (δe = π/12).
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Fig. 9.9. f(d) vs. d/Dp ranging from 0 to 3 (δe = π/6).

Fig. 9.10. f(d) vs. d/Dp ranging from 0 to 5 (δe = π/6).
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Fig. 9.11. f(d) vs. d/Dp ranging from 0 to 3 (δe = π/4).

Fig. 9.12. f(d) vs. d/Dp ranging from 0 to 5 (δe = π/4).
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Fig. 9.13. f(d) vs. d/Dp ranging from 0 to 3 (δe = 3π/8).

Fig. 9.14. f(d) vs. d/Dp ranging from 0 to 5 (δe = 3π/8).

9.3.2 Effect of d/Dp

The effect of d/Dp on the impedance matching is demonstrated by the solutions of the
function f(d) with the given values of δe. Figures 9.15‒9.24 display the possible
solutions of the function as d/Dp increases from 1 to 5. When the values of d/Dp are 1, 2,
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and 3, it is easy to find solutions of f(d) with the δe values below 0.6, 0.4, and 0.2,
respectively. Hence, it can be concluded that the optimum matching thickness increases
with decreasing dielectric loss tangent phase angle, which agrees well with the finding
indicated by the study on the effect of δe.

Fig. 9.15. f(d) vs. δe ranging from 0 to π/6 (d/Dp = 1).

Fig. 9.16. f(d) vs. δe ranging from 0 to π/2 (d/Dp = 1).
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Fig. 9.17. f(d) vs. δe ranging from 0 to π/6 (d/Dp = 2).

Fig. 9.18. f(d) vs. δe ranging from 0 to π/2 (d/Dp = 2).
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Fig. 9.19. f(d) vs. δe ranging from 0 to π/6 (d/Dp = 3).

Fig. 9.20. f(d) vs. δe ranging from 0 to π/2 (d/Dp = 3).
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Fig. 9.21. f(d) vs. δe ranging from 0 to π/6 (d/Dp = 4).

Fig. 9.22. f(d) vs. δe ranging from 0 to π/2 (d/Dp = 4).
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Fig. 9.23. f(d) vs. δe ranging from 0 to π/6 (d/Dp = 5).

Fig. 9.24. f(d) vs. δe ranging from 0 to π/2 (d/Dp = 5).
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9.3.3 Thickness for Perfect Impedance Matching of Hematite

As stated before, hematite shows weak microwave absorption at low temperatures due
to its small permittivity and permeability. To attain higher microwave absorption in the
whole temperature range, the microwave parameters of hematite measured in this work
may be used to show the effectiveness of the function for the evaluation of impedance
matching. For hematite, as indicated in eq. (9.23), the value of function is determined
by the values of d/Dp and δe. These parameters of hematite can be determined by using
the corresponding equations derived in the previous chapters. The results are
summarized in Table 9.1.

Table 9.1
Maximum thickness of hematite for perfect impedance matching.
Temperature (°C)
24
296
591
827
982

δe (rad)
915 MHz
2450 MHz
0.00193
0.00166
0.00496
0.0033
0.3961
0.1874
0.5712
0.7663
0.2380
0.5116

d/Dp (Maximum)
915 MHz 2450 MHz
7.63
7.78
6.68
7.09
2.27
2.86
1.60
‒
2.82
1.50

d (Maximum, m)
915 MHz 2450 MHz
76.68
33.95
25.70
15.33
0.097
0.10
0.024
‒
0.088
0.0089

As shown in Table 9.1, hematite possesses a very low δe at 24 °C (915 MHz). Due to
numerous solutions of the derived function at this low δe, hematite of different
thicknesses can be heated without reflection loss. The maximum thickness of hematite
for perfect impedance matching can be as high as ~76.68 m at 24 °C. However, it
should be emphasized that although perfect impedance matching can be achievable for
hematite at low temperatures, microwave heating of the material could be slow. This is
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because heat generation in materials depends on the amplitude of dielectric loss factor
(the imaginary part of permittivity), which is relatively small for hematite at low
temperatures according to the dielectric measurement. This suggests that not only a
suitable sample size is required but also optimum microwave parameters of the material
are necessary to obtain high microwave absorption and thus efficient microwave
heating.

As the temperature increases, the maximum thickness of hematite for perfect impedance
matching decreases rapidly until 827 °C, resulting from the increased microwave
dielectric properties (indicated by δe). Table 9.1 shows that hematite presents the
maximum δe value (0.5712) at 827 °C. The δe value then declines to 0.2380 as the
temperature increases to 982 °C. The presence of the maximum loss tangent phase angle
is actually due to the formation of the dielectric loss peak of hematite. The maximum
thicknesses of hematite for perfect impedance matching are found to be 0.024 and 0.088
m at 827 and 982 °C, respectively. It is obvious that the highest microwave absorption
can only be obtained as the sample has the thickness of several centimeters at elevated
temperatures. Owing to the high flexibility of thickness selection at low temperatures,
the optimal dimension of hematite can be limited to the range below 0.10 m, which is
able to avoid a clear temperature nonuniformity throughout the microwave heating
process. The impedance matching images for hematite at 915 MHz are shown in Figs.
9.25‒9.29.
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Fig. 9.25. f(d) vs. d/Dp ranging from 7.61 to 7.65 (δe = 0.00193).

Fig. 9.26. f(d) vs. d/Dp ranging from 6.66 to 6.70 (δe = 0.00496).
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Fig. 9.27. f(d) vs. d/Dp ranging from 0 to 5 (δe = 0.3961).

Fig. 9.28. f(d) vs. d/Dp ranging from 0 to 5 (δe = 0.5712).
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Fig. 9.29. f(d) vs. d/Dp ranging from 0 to 5 (δe = 0.2380).

Table 9.1 also presents the maximum thickness of hematite for perfect impedance
matching at 2450 MHz. It is found that the variation of the thickness at 2450 MHz is
similar to that at 915 MHz. The only noticeable difference is caused by the high δe value
(0.7663) of hematite at 827 °C. It is revealed that there is no solution of the impedance
matching function. This means that perfect impedance matching does not exist at this
temperature. High microwave absorption of hematite without reflection loss is thus
impossible under this condition. The impedance matching images for hematite at 2450
MHz are shown in Figs. 9.30‒9.34.
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Fig. 9.30. f(d) vs. d/Dp ranging from 7.78 to 7.82 (δe = 0.00166).

Fig. 9.31. f(d) vs. d/Dp ranging from 7.08 to 7.11 (δe = 0.0033).
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Fig. 9.32. f(d) vs. d/Dp ranging from 0 to 5 (δe = 0.1874).

Fig. 9.33. f(d) vs. d/Dp ranging from 0 to 5 (δe = 0.7663).
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Fig. 9.34. f(d) vs. d/Dp ranging from 0 to 5 (δe = 0.5116).

In summary, to increase microwave absorption in microwave heating, a function for
evaluating impedance matching degree of absorbers was proposed. It is shown that the
value of the function depends on the ratio of the sample thickness (d) to the microwave
penetration depth (Dp) and the loss tangent phase angle (δe) for nonmagnetic dielectrics.
As the function approaches 0, perfect impedance matching is achieved, indicating the
highest microwave absorption. The maximum sample thickness that corresponds to
perfect impedance matching decreases with increasing δe. It is therefore difficult to
attain perfect impedance matching for absorbers with large δe values. The calculations
of impedance matching for hematite indicate that the optimal dimension of the hematite
layer should be less than 0.10 m to achieve the maximum microwave absorption in the
entire microwave heating process. A reasonable dimension of the sample and optimum
microwave parameters are quite necessary to obtain perfect impedance matching, and
therefore, the highest microwave absorption, which, in turn, will increase the
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microwave heating efficiency. The function developed in this study can be quite helpful
in investigating the optimum absorber in microwave heating.
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Chapter 10 Conclusions

In this study, simplified equations for determining the transverse electromagnetic mode
power penetration depth, field attenuation length, and half-power depth of microwaves
in materials having both magnetic and dielectric responses were derived from the timedependent Maxwell’s curl equations for accurate characterization of the microwave
dissipation behaviors in magnetic dielectric materials.

The microwave power absorption formula was also developed from the Poynting
vector. A simplified equation for quantifying magnetic loss in materials under
microwave irradiation was derived to demonstrate the importance of magnetic loss in
microwave heating. The magnetic losses for five ferrites, namely, BaFe12O19, SrFe12O19,
CuFe2O4, CuZnFe4O4 and NiZnFe4O4 were calculated at 2450 MHz using the derived
equation. It is found that magnetic loss is up to approximately four times greater than
dielectric loss in microwave heating of ferrites. These results, through the calculations,
theoretically demonstrate that magnetic dielectric materials are heated much faster in a
magnetic field than in an electric field of the microwave applicator.

Numerical (FDTD) modeling and simulations of microwave propagation in various
media with varying permittivity and permeability were performed. It is demonstrated
that microwave E and H fields do not dissipate in free space while all microwaves are
reflected by metal. In the non-lossy dielectric medium, the magnitude of E field
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decreases due to the real part of permittivity. As for microwave lossy materials,
although microwave fields decay in both lossy dielectric medium and magnetic
dielectric, the fields reduce much faster in the latter owing to the contribution of
magnetic response under microwave irradiation. It is also identified that microwave
decay in magnetic dielectrics not only relates to the imaginary parts of permittivity and
permeability but also associates with the real parts of permittivity and permeability.
This observation may be useful in explaining non-thermal microwave effects in
microwave chemistry because the traditional viewpoint on heat generation in
microwave heating does not consider the effect of real parts of permittivity and
permeability.

Microwave absorption properties of typical materials for ironmaking, namely, hematite,
magnetite concentrate, ferrous oxide, and coal were characterized using CPMT with
varying auxiliary techniques including XRD, FE-SEM, FTIR, TGA, etc. It is shown that
there are strong temperature and frequency dependences of permittivity and
permeability of the materials.

The εr' and εr" values of hematite slightly increase with temperature below 450 °C.
Continuous heating to higher temperatures leads to a rapid increase in the εr' value and a
broad dielectric loss peak between 450 and 1000 °C formed by the εr" values. The
increase in permittivity at high temperatures is closely associated with the sintering
effect and the variation of electrical conductivity. The complex relative permeability is
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found to be relatively independent of microwave frequency and temperature below 700
°C. The μr' and μr" values remain relatively invariable (1 and 0, respectively) in this
temperature range, which are consistent with the fact that Fe2O3 becomes weakly
ferromagnetic above the Morin transition at -13 °C and below its Néel temperature at
675 °C. As temperature continues to rise, the μr' values present a decreasing tendency
due to the increased electrical conductivity at higher temperatures. The μr" values,
however, stay negligible due to the paramagnetism presented by Fe2O3 above its Néel
temperature. The significant difference between the variation behaviors of permittivity
and permeability of Fe2O3 indicates that the dielectric loss is the primary factor
contributing to the microwave absorption of Fe2O3 and the contribution of magnetic loss
to microwave heating can be ignored. The decrease in microwave penetration depth of
Fe2O3 with increasing temperature suggests that Fe2O3 undergoes a transition from a
microwave transparent material to a good microwave absorber as temperature increases.

The experimental data of relative permittivity and permeability of magnetite concentrate
(mainly Fe3O4) were presented and used to calculate the power penetration depth as a
function of temperature at 915 and 2450 MHz. Below 600 ºC, the penetration depths
determined by eq. (3.22) are much smaller than those calculated by eq. (1.5) as expected
when the magnetic losses are included. Above 600 ºC, the difference between
penetration depths determined by those two equations becomes negligible, reflecting the
fact that the magnetic absorption is very small (in principle, zero) above the Curie point
of magnetite (585 ºC). This shows that the permeability should be considered in the
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determination of penetration depth of magnetic dielectrics, especially at temperatures
below the Curie point. A comparison between the calculated microwave dielectric loss
and magnetic loss also demonstrates that the magnetic loss plays a major role in the
heating of the material. The magnetic loss is important for microwave heating of
magnetic dielectrics.

The temperature dependence of the microwave absorption of conventionally heated
wüstite (nonstoichiometric ferrous oxide, Fe0.925O) was characterized via the cavity
perturbation technique between room temperature and 1100 °C. The complex relative
permittivity and permeability of the heated Fe0.925O sample slightly change with
temperature from room temperature to 200 °C. The dramatic variations of permittivity
and permeability of the sample from 200 to 550 °C are partially attributed to the
formation of magnetite (Fe3O4) and metal iron (Fe) from the thermal decomposition of
Fe0.925O, as confirmed by the high temperature X-ray diffraction (HT-XRD). At higher
temperatures up to 1100 °C, it is found that Fe0.925O regenerates and remains as a stable
phase with high permittivity. Because the permittivity dominates the microwave
absorption of Fe0.925O above 550 °C resulting in shallow microwave penetration depths
(~0.11 m and ~0.015 m at 915 MHz and 2450 MHz, respectively), the regenerated
nonstoichiometric ferrous oxide exhibits the useful microwave absorption capability at
high temperatures (550‒1100 °C). Investigation of thermal stability of the reactions
shows that the decomposition proceeds under kinetic reaction control while the
regeneration is under thermodynamic control. Kinetics study based on the Coats174

Redfern integral approximation method indicates that the decomposition reaction
follows a Komatsu-Uemura model-based diffusion mechanism with activation energy
of 32.860 kJ mol-1.

The dielectric properties of an eastern high volatile bituminous coal from West Virginia
were measured at 915 and 2450 MHz during pyrolysis from room temperature to 900
°C. The dielectric properties remain relatively stable at low temperatures. Apparent
increases in dielectric constant and loss factor of the coal were observed in the
temperature range of 500‒750 °C due to the release of volatiles. The devolatilization of
the coal during pyrolysis, resulting from the losses of carbonyl, aromatic C=C, vinylic
C=C and other O-containing functional groups, leads to the increased conductivity. The
calculation of microwave penetration depth confirms that the pyrolysis process
significantly improves the microwave absorption capability of the coal above 750 °C.

Numerical simulations of heat transfer during the microwave heating process of
magnetite (1-D/2-D) subjected to heat conduction, convection, and radiation were
performed. The temperature in the object increases rapidly in one minute and a
nonuniform temperature distribution inside the object is observed. An obvious
temperature hot spot is formed in the corner of the 2-D object initially, which migrates
inward with a slower speed with increasing heating time. Continuous heating after 60 s
did not contribute too much to the increase in the temperature of the hot spot, which
remains around 1100 °C. A higher power input gives rise to a larger temperature
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increase at the same heating time and a shift of hot spot towards the center of the object
is observed. Microwave heating at 915 MHz exhibits better heating uniformity than
2450 MHz mainly because of a longer penetration depth. Heating homogeneity in the
object is improved by reducing the dimension (L) of the object from 0.2 to 0.05 m. It is
proved that factors including heating time, microwave power, microwave frequency and
object dimension should be considered to obtain high heating performance and to
avoid/minimize thermal runaway resulting from temperature nonuniformity in largescale microwave processing of magnetic dielectrics.

The effect of absorber dimension on microwave heating was discussed in this study. It
shows that, to achieve high microwave heating efficiency, an optimal dimension needs
to be determined via the analyses of microwave absorption and heat transfer in
materials. Based on the characterization of microwave absorption properties, the
calculated reflection loss over the temperature range of heating was found to be useful
for obtaining a rapid optimization of absorber dimension, which increases microwave
absorption and achieves relatively uniform heating.

To further improve the heating effectiveness, a function for evaluating impedance
matching degree of absorbers in microwave heating was proposed. The relation between
the impedance matching function f(d) and the variables d/Dp and δe was established. It
can be predicted that there are possible solutions of the function f(d), depending on the
values of d/Dp and δe. The perfect matching thickness is found to increase with
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decreasing loss tangent phase angle. It is therefore difficult to approach perfect
impedance matching for absorbers with too large loss tangent phase angles. The results
indicate that a reasonable dimension of the sample and optimum microwave parameters
are necessary to obtain perfect impedance matching, and therefore, the highest
microwave absorption, which, in turn, will increase the microwave heating efficiency.
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